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Piscivorous avian species are of particular importance in Mississippi due to their
depredation of cultured catfish throughout the states aquaculture industry. The three most
common of these species include the double-crested cormorant (Phalacrocorax auritus), great
blue heron (Ardea herodias), and great egret (Ardea alba). Information on these species
aquaculture use can aid in effective and ethical management while also providing insight into
their foraging ecology and habitat use, which is particularly important given these species
augment their nutritional requirements using man-made food sources. The objectives of this
research were to explore numerous aspects of avian foraging ecology in relation to aquaculture at
multiple spatial and temporal scales using historic and contemporary aerial survey data. First, we
examined the distribution and abundance of species on aquaculture at both the farm and pond
scale. Pond contents and characteristics influenced each species, including culture practices and
surroundings. In all cases, the amount of aquaculture was positively related to species
abundances. Pond and farm selection relationships were species-specific, illustrating inherent
differences in their foraging ecology. Consequently, specific management actions will depend on
the targeted species. We also found cormorant densities on aquaculture has not changed in the

past 15 years, even though aquaculture has significantly declined. Second, we measured
cormorant distribution between aquaculture and natural water bodies. The highest use of
aquaculture occurred when producers were not allowed to use lethal control, whereas the lowest
use occurred when producers could. This trend highlights the potential influence of mortality risk
on cormorants’ foraging distribution. Lastly, we examined cormorant dynamics at the regional
scale using roosting data. We found the Midwest breeding population of cormorants has been
increasing, but the abundance of cormorants wintering in Mississippi has been decreasing,
suggesting aquaculture is the primary cause of inhabitation of the state. We also found the
phenology of cormorant spring migration is occurring earlier each year. Aquaculture area had a
positive influence on cormorant distribution at roosts particularly prior to migration. These
findings suggest changes in agriculture, and potentially climate change, can influence phenology,
distribution, and abundance of avian species at multiple scales.
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CHAPTER I
HISTORICAL AND CONTEMPORARY USE OF CATFISH AQUACULTURE FARMS BY
PISCIVOROUS AVIAN SPECIES IN THE MISSISSIPPI DELTA
Abstract
Piscivorous avian species are the primary source of catfish depredation at aquaculture
facilities in northwest Mississippi. Of particular concern is the double-crested cormorant
(Phalacrocorax auritus), which can cost aquaculture producers millions of dollars annually
through the depredation of cultured fish. Past research has estimated cormorant use of
aquaculture in the region, but aquaculture area has decreased by more than 70% since the last
estimates were made. It is currently unknown how the reduction in aquaculture has influenced
cormorant use of catfish ponds, or to what extent producers are experiencing depredation
pressure as compared to the past. Applying similar methodology as historical studies, we
collected contemporary data of cormorant abundance at catfish aquaculture facilities using aerial
surveys. We modeled cormorant densities using data from a historical study conducted during
peak aquaculture production (2000 and 2003), along with contemporary data (2015 – 2017), and
found no significant difference between time periods. This finding indicates today’s catfish
producers have at least the same predation risk as those in the past, even though the total amount
of aquaculture has significantly declined in the area. We also found the total number of
cormorants inhabiting the region is significantly less than historical estimates, even though the
breeding population has shown an increasing trend. Given the similar densities of cormorants on
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aquaculture and the reduced regional population, aquaculture area is likely the driving factor
influencing cormorant inhabitation of northwestern Mississippi. Using contemporary data, we
also modeled abundance of cormorants, great blue heron (Ardea herodias), and great egret
(Ardea alba) at the farm scale against both seasonal and spatial variables. We found the greatest
abundance of herons and egrets on farms occurred early in the winter (October – January),
whereas cormorant abundance was greatest at the end of winter (February – April), closely
following the migration phenology of each species. The amount of aquaculture on the farm had a
significant positive influence on the abundance of all three species, and the amount of
aquaculture surrounding a farm positively influenced cormorants and egret abundance but
negatively influenced heron abundance. Cormorant abundance was also greatest on farms
containing more foodfish as compared to fingerlings, but fish type did not influence either heron
or egret abundance. The relationships described here can be used by producers and wildlife
personnel to increase the efficiency of bird dispersal at aquaculture facilities and can also be used
in estimating damages related to avian depredation.
Introduction
Commercial production of catfish is the largest aquaculture industry in the nation, with
the majority of production occurring in Mississippi (Vilsack and Reilly 2014). Approximately
59% of all water area devoted to the production of catfish in the US is found in Mississippi
(NASS 2018). Most of this production occurs within an 18,000-km2 region located in the
northwest portion of the state, known as the Mississippi Delta (Figure 1.1) (Vilsack and Clark
2014). The high concentration of aquaculture area found in the Delta continually prompts
human-wildlife conflict by providing a readily available food source for piscivorous avian
species inhabiting the region (Glahn et al. 1999, Dorr and Taylor II 2003, Dorr et al. 2008).
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Numerous avian species have been reported to depredate fish at aquaculture facilities (Gorenzel
et al. 1994, Wywialowski 1999, Glahn and King 2004), but double-crested cormorants
(Phalacrocorax auritus; hereafter, cormorant) are documented as the greatest avian predator of
catfish at aquaculture facilities in the Delta.
Dorr (2006) conducted a comprehensive study on the impacts of cormorants on
Mississippi’s catfish aquaculture industry during the industry’s peak in the early 2000s. He
surveyed cormorants foraging on catfish ponds and found them to be a significant source of
catfish depredation, costing producers an estimated loss of $12.1 and $5.6 million dollars in
production over the winter season (October – April) of 2000 and 2003, respectively (Dorr et al.
2012a). However, since the time of Dorr (2006), the aquaculture industry in the Delta has
undergone numerous changes. Most notably, the water area devoted to catfish production has
declined by over 70% since 2002 (Falconer 2014, Hanson and Sites 2015). Approximately
61,000 ha of aquaculture was in production within the Delta during the time of Dorr (2006),
whereas only 15,000 ha are present today. Elimination of catfish ponds is removing a significant
food source frequently used by cormorants (Glahn and Brugger 1995), and it is unknown how
cormorants have responded to the changes in the industry or to what extent producers are
experiencing depredation pressure as compared to the time of the Dorr (2006) study. Therefore,
there is a need to reassess cormorants’ use of catfish aquaculture facilities in the Delta.
Cormorants that move through the Mississippi Delta throughout the winter originate from
the Midwest US (Dolbeer 1991, Guillaumet et al. 2011, King et al. 2012). These cormorants span
from North Dakota eastward to Michigan, and typically begin their fall migration in early
October, following the Mississippi flyway south (King et al. 2012). Estimates of the Midwest
breeding population indicate cormorant abundance has remained relatively stable over the past
3

two decades, and even show positive growth rates in some colonies (Adkins et al. 2014, Chastant
et al. 2014, Pardieck et al. 2018). Therefore, the total number of cormorants migrating through
the Delta has likely not declined since the work of Dorr (2006). If relative cormorant abundance
has not drastically changed in the Delta, then fewer aquaculture hectares are available to a
similar number of cormorants seen in the past. The now reduced aquaculture area may result in
cormorants seeking out other sources of forage to sustain their nutritional requirements, or
alternatively, cormorants may concentrate more heavily on the remaining aquaculture area. We
predicted the latter to be true, with cormorant use of aquaculture facilities being greater than
historic estimates. We hypothesized the volume of food present, the substantial water surface
area present, and the ease of capture of catfish at aquaculture facilities would continue to attract
large numbers of cormorants even if less area is available. If our prediction is correct, the
remaining catfish producers in the Delta will be experiencing greater depredation pressure at
their facilities compared to previous estimates resulting in a greater individual economic loss.
Dorr et al. (2012a) also recommended further research focused on factors influencing
avian use of aquaculture ponds at the farm level. The scale of farm level is analogous with
Johnson's (1980) third order habitat selection, as compared to the Delta which is analogous to
second order selection and ponds themselves which would be fourth order. How avian species
select specific aquaculture facilities over others is an area of particular interest for multiple
reasons. First, understanding farm-level selection by avian species has the potential to aid in bird
harassment efficiency conducted by both producers and wildlife personnel tasked with mitigating
bird damage. Secondly, such information can be used to estimate current or predict future
impacts of avian depredation at aquaculture facilities, which would improve economic analyses.
Lastly, this will also add insight into the decision-making behavior of avian species with respect
4

to foraging and general habitat use. This is particularly interesting given the Delta contains a
significant amount of man-made ponds which are used to augment nutritional requirements of
multiple avian species.
Our first objective was to compare historical and contemporary cormorant use of
aquaculture in the Delta. Following the procedures outlined by past studies (Dorr 2006, Dorr et
al. 2008), we gathered contemporary data of cormorant abundance on aquaculture, and used both
data sets to compare respective cormorant densities. Our second objective was to estimate
current abundances of piscivorous avian species use of aquaculture, and relate these abundances
to factors at the farm scale. Here we not only focus on cormorants, but also great blue herons
(Ardea herodias; hereafter, herons), and great egrets (Ardea alba; hereafter, egrets). Herons and
egrets are also significant sources of catfish depredation, but are typically less studies compared
to cormorants (Mott and Brunson 1995, Stickley et al. 1995, Wywialowski 1999, Dorr and
Taylor II 2003). We hypothesized variation in farm-scale characteristics will ultimately influence
how cormorants, herons, and egrets select and use aquaculture facilities for foraging resources
over others.
Methods
Historical cormorant data collected by Dorr et al. (2008) was done within a 182,000 ha
sample frame that contained approximately 67% of the total water area in aquaculture production
in the Delta at the time (Figure 1.1). We established a similar sample frame in the primary catfish
producing area of the Delta, which covered 277,000 ha and contained approximately 73% of the
total aquaculture area in the Delta (Figure 1.1). To survey avian species foraging on catfish
aquaculture within the sample frame we utilized the same cluster sampling design used by Dorr
et al. (2008). This design consists of aerial surveys flown over aquaculture clusters and all target
5

species counted within each cluster. Clusters represent the primary sampling unit and are defined
as all USGS land survey sections that contain aquaculture ponds. The secondary sampling unit is
all ponds >50% within the cluster.
Dorr et al. (2008) flew 29 surveys over the season from October through April of 2000
and 2003. They randomly selected 20% (n = 58) of the available clusters to survey each year. We
flew 35 surveys over the consecutive winter seasons of 2015, 2016, and 2017. Because of the
reduction in aquaculture area between studies, we had fewer total clusters within our sample
frame (136 vs 300) and increased the random selection to 30% (n = 41) to be surveyed every
year. In both studies the goal was to fly two surveys per month of each year, but was dependent
on constraints related to weather or aircraft issues. Each flight was limited to < 8 hours to ensure
counts were completed in one day and to avoid double counting individual birds. Each survey
began approximately one hour after sunrise so they could be completed during daylight. Surveys
were conducted in a fixed-wing aircraft at an altitude of 100—150 m above ground level. The
pilot circled over selected clusters and an observer recorded species present on, or near, each
pond within the cluster (i.e., on pond levees). Flight routes were randomly selected for each
survey to decrease the probability of surveying the same aquaculture cluster at similar times
between surveys.
Observations of cormorants wintering in the southeastern US indicate increases in
abundance coinciding with the growth of the catfish aquaculture industry (Wires et al. 2001,
Wires and Cuthbert 2006). Consequently, a large-scale monitoring program was implemented by
U.S. Department of Agriculture, Wildlife Services, National Wildlife Research Center in 1989 to
estimate the abundance of cormorants at roost locations in the Delta region. These roost surveys
were also done during the work of Dorr et al. (2008), but have not been done since 2010,
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resulting in reduced information available to wildlife managers concerning cormorant
abundance. We also conducted contemporary roost surveys and incorporated these data into
further analyses. Specifically, we were interested in possible changes in the relative abundance
of cormorants in the Delta between the studies. Roost surveys were conducted from a fixed wing
aircraft in which the pilot flies at an altitude of 100–150 m over each known roost location
within the entire Delta, and an observer records all cormorants present at the roost.
Approximately half of the roosts are surveyed within 4 hours after sunrise and the other half
surveyed within 4 hours before sunset (Glahn et al. 1996). Counts were made during these times
because cormorants tend to remain at roosts during the early morning and late evening hours
(Aderman and Hill 1995, Dorr et al. 2014). Roost surveys were done within a single 24-hour
period to avoid double counting. We completed one roost survey as soon as logistically possible
following each aerial survey of aquaculture clusters.
Keeping to the methodology described by Dorr et al. (2008), we also corrected for error
associated with observer counting at both aquaculture ponds and cormorant roosting sites. We
systematically chose a subset of ponds and roosts to digitally photograph to ensure a range of
count values were covered. We averaged the ratio of photograph counts to observer counts for
aquaculture ponds, roost sites, species and observer, and adjusted all counts accordingly.
Statistical Analysis
Historic versus contemporary cormorant densities on aquaculture
Because both aquaculture area and cormorant population have fluctuated between this
study and Dorr et al. (2008), we used cormorant density as a response variable, measured as the
number of cormorants within a cluster per hectare of aquaculture within that cluster. We fit
generalized linear mixed models with a negative binomial distribution using the lme4 package
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(Bates et al. 2015), in program R, version 3.5.1 (R Core Team 2018). We included aquaculture
hectares in the model using the offset option when modeling, which makes modeling densities
possible when using count data in a negative binomial framework (Zuur et al. 2009). Because
multiple data points were taken from each cluster, we included cluster as a random effect in the
model. We included time period (historic versus contemporary) as a fixed effect factor in order
to test our hypothesis of differing cormorant densities between periods. We also included month,
and an interaction term of time period and month as fixed effects to account for potential
seasonal differences between studies. We first checked for over-dispersion of our data by fitting
a standard negative binomial regression model with all variables included, and calculated a
dispersion parameter (Φ) equal to the ratio of residual deviance to the degrees of freedom (Zuur
et al. 2009). If the resulting ratio is approximately one there is no evidence of over-dispersion,
whereas values larger than one indicate over-dispersion and less than one indicates underdispersion. In the event overdispersion existed, a zero-inflated model approach would be taken,
otherwise a mixed-effects negative binomial model was fit. We validated models by examining
deviance residuals plotted against the models predicted response values and all explanatory
variables, and looked for any patterns which may indicate model assumption violations (Zuur et
al. 2009).
We used the package effects in program R to calculate means, confidence interval, and to
graphically display independent variables influence on each models response variable (Fox and
Hong 2009). Resulting plots are created by predicting the models response while allowing the
independent variable of interest to vary over its range and holding all other independent variables
at their mean. We also conducted a Welch’s t-test of total cormorant roost count, aquaculture
hectares within clusters, and pond size between time periods (Whitlock and Schluter 2009).
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These tests provide a measure of differences between the two studies with respect to relative
cormorant population wintering in the Delta and changes in aquaculture practices.
Farm level aquaculture use by piscivorous avian species
Using contemporary data, we modeled counts of cormorants, herons, and egrets using
generalized linear mixed models with a negative binomial distribution. Here our objective was to
determine factors influencing avian abundance at the farm scale which is analogous to Johnson’s
(1980) 3rd order scale of habitat selection. Our definition of farm scale is not based on the
physical ownership of aquaculture production area as most is owned by a few very large
producers and basing scale by ownership would not be reflective of habitat use overall.
Therefore, our use of survey clusters is simply reflective of farm scale. Our response variable
was avian count per cluster. Again, cluster was modeled as a random effect as repeated
measurements were taken from each cluster. We modeled count against hectares of aquaculture
within the cluster, predicting more aquaculture area would result in greater abundances given the
increased space available. We also included year and month as categorical variables to allow for
variation in abundances related to migration and general variation between years.
We also wanted to include a single metric that described the makeup of each cluster in
terms of fish types cultured. Fish types can include broodfish, foodfish, or fingerlings. Past
studies show cormorants and herons show selection for fingerling ponds (Glahn et al. 2002, Dorr
2006), most likely due to fingerlings being smaller in size, making them easier to capture,
handle, and consume. We first calculated the proportion of each fish type within a cluster based
on water surface area, and then subtracted the proportion of foodfish from the proportion of
fingerlings. The resulting metric ranges from -1 to 1, with larger values indicating a dominance
of foodfish and smaller values indicating a dominance of fingerlings. For example, a value of
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0.50 represents a cluster with a proportion of 0.75 foodfish and 0.25 fingerlings. Larger catfish,
such as brood-fish, are more difficult, or impossible, to capture and consume by cormorants,
herons, or egrets (Glahn et al. 1995, 2000a). Because of this, clusters that were predominantly
broodfish (proportion broodfish > 0.50) were not included in the analysis.
We also explored the influence of other foraging habitat within each cluster’s
surroundings. To do so, we first created buffers around aquaculture clusters. One objective when
choosing a buffer radius was to maximize independence between buffers while also not being too
restrictive. Our sample frame is relatively small compared to potential movement distances of
these avian species (Mccrimmon et al. 2011, Vennesland and Butler 2011, Dorr et al. 2014), and
only 9 of the 43 clusters were not directly adjacent to another cluster. Therefore, larger buffers
result in substantial overlap and reduce variability among clusters. We also wanted to include
differing buffer sizes so multiple scales could be examined with respect to cluster selection by
these avian species. We used a buffer radius of 4 km and 14 km, which provided an acceptable
amount of overlap between buffers. These buffers were based on mean distance traveled by
cormorants from forage site to forage site or forage site to day roost which is approximately 4
km, and mean distance traveled between forage site and roosting locations which is 14 km (King
et al. 1995). These buffers were chosen with respect to cormorants as they are of greatest wildlife
damage concern for aquaculture producers in the region (Glahn and Dorr 2002, Glahn and King
2004, Werner et al. 2005). Within each buffer we calculated hectares of aquaculture and
naturally occurring water bodies. We predicted both aquaculture area and natural water area
would have a positive influence on species abundance, as greater forage potential within an area
is likely more appealing. Aquaculture area and naturally occurring water bodies were calculated
by manually digitizing water area in a geographic information system (ArcGIS v 10.2) using
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high resolution (sub-meter) NAIP aerial imagery taken from July to October of 2014, retrieved
from the USDA Geospatial Gateway.
Within the cormorant model we also calculated a roost variable metric (RST-VAR) used
to describe the number of cormorants available to each cluster based on cormorant abundance at
roosting locations (Dorr et al. 2012b). This metric was calculated by multiplying the most recent
roost count values by the observed cumulative percentage frequency distribution of cormorant
movements from roosting sites to subsequent foraging locations in 10 km distance categories
(Figure 1.2). This distribution was adapted from Tobin et al. (2002) in which VHF-marked birds
were tracked from roosts to foraging locations. This metric provides a distinct estimate of the
number of cormorants available to each cluster for a given survey period.
We constructed three models for each species, and chose the best model based on the
smallest value of AIC (Burnham and Anderson 2002). The first model included cluster as a
random effect, and month, year, aquaculture area within the cluster, and the fish type metric as
fixed effects (and RST-VAR for cormorants only). This model represents the cluster scale itself,
and ignores surrounding foraging habitat. The second model included the same variables as the
first, with the inclusion of natural water and aquaculture area within the 4 km buffer. Lastly, the
third model was the same as the second except using the 14 km buffer. These three models
represent different scales at which these avian species possibly select clusters.
All continuous variables were standardized prior to modeling to aid in model
convergence and parameter estimation (Schielzeth 2010). We checked for collinearity among
predictor variables using variance inflation factors (VIF) calculated from the full model. We used
the cut off of VIF > 5 to determine if a variable should be removed due to collinearity (Zuur et
al. 2009). In the event a variable had a VIF above the cutoff we removed the variable, and tested
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collinearity again until all variables VIF were less than five. Again, we calculated a dispersion
parameter (Φ) for each species data by fitting a standard negative binomial regression model
(Zuur et al. 2009), and validated and interpreted models as described in the previous section.
We used package survey (Lumley 2004) in program R to generate mean counts of
cormorants, herons, and egrets per cluster for all three years combined, along with variance
estimates in which a Taylor series linearization is used (Dorr et al. 2008).
Results
Historic versus contemporary cormorant densities on aquaculture
Mean cormorant roost count was statistically different between study periods (t = -4.36,
df = 24.56, p = <0.001). Historic counts were greater, averaging 33,783 (SD = 23,170) per
survey compared to contemporary counts averaging 12,137 (SD = 6,964). Average hectares per
aquaculture cluster was not statistically different between periods (t = 0.38, df = 230.41, p =
0.697), with past clusters averaging 81.28 ha (SD = 50.61) and current averaging 83.94 ha (SD =
53.70). However, average pond size was significantly different between periods (t = -3.03, df =
213.06, p = 0.002), indicating ponds today are smaller (mean = 3.87 ha, SD = 1.25) than ponds in
the past (mean = 4.30, SD = 0.92).
Estimated dispersion parameter indicated no overdispersion when modeling historic and
contemporary cormorant densities on aquaculture facilities (Φ = 1.03). Cormorant density was
not significantly different between studies (p = 0.082; Table 1.1). Estimated contemporary
density, averaged over month, was 0.137 (95% CI: 0.109 – 0.173) cormorants per hectare, and
historic density was 0.136 (95% CI: 0.108 – 0.170). However, densities for each period varied
considerably by month (Figure 1.3). The inclusion of an interaction term of period and month
significantly improved the model (χ2 = 14.16, df = 6, p = 0.027), but monthly densities were not
12

significantly different between periods. In general, densities were lowest from October through
December, increased through March, and decreased through April (Figure 1.3).
Farm level aquaculture use by piscivorous avian species
Our estimated dispersion parameter indicated no overdispersion when using a negative
binomial distribution for cormorants (Φ = 1.08), herons (Φ = 0.95), or egrets (Φ = 0.98). The top
model based on AIC for cormorants and egrets included alternative foraging habitat within a 14
km buffer, and herons included the 4 km buffer (Table 1.2). The amount of natural water area
within the buffer was not a significant predictor of abundance for any species (Table 1.3). The
amount of aquaculture area within the buffer, however, showed a significant positive influence
on cormorant and egret abundance, and a significant negative influence on heron abundance
(Table 1.3 and Figure 1.4). The fish type metric was not significant for either herons or egrets,
but did have a significant positive influence on cormorant abundance (Table 1.3). This result
means abundance of cormorants on a cluster tends to be greater for clusters with more foodfish
being produced relative to fingerlings (Figure 1.4). The area of aquaculture within the buffer
itself had a significant positive influence on all three species, meaning clusters with more
aquaculture area have greater abundances of each species (Figure 1.4). The RST-VAR variable
was also a significant positive predictor of cormorant abundance.
Average cluster count of herons and egrets did not differ significantly between survey
years (Table 1.3 and Figure 1.5), but average cormorant count was lower in 2017 compared to
the other two years of surveys. Average count of cormorants was lowest from October through
January, increased through March, and decreased through April. Conversely, heron and egret
abundance was greatest at the beginning of the winter season, and decreased in February through
April (Figure 1.5). Average counts per cluster was greatest for cormorants, with an average count
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of 22 (95% CI: 16 – 28) per cluster, followed by egrets with an average count of 14 (95% CI: 9 –
20), and herons with an average count of 8 (95% CI: 6 – 10).
Discussion
Contrary to our prediction, we did not find current cormorant densities on aquaculture to
be greater than densities estimated when aquaculture production was at its maximum in the early
2000s. Rather, we found densities to be very similar between time periods, and even monthly
estimates showed matching patterns. It was therefore unsurprising to find the current average
number of cormorants inhabiting the Delta to be significantly less than past estimates based on
roost surveys. The fact that cormorant densities between historical and contemporary data is not
different suggests that aquaculture producers today face similar (but not lesser) predation risk as
those in the past.
Given our finding of similar cormorant densities on aquaculture between time periods,
and contemporary roost surveys revealing fewer cormorants to be wintering in the Delta despite
increasing trends in the breeding population, lends support to the hypothesis of aquaculture area
being the primary factor influencing cormorant inhabitation within the Delta. Interestingly, the
average hectares of aquaculture per cluster has not changed in the last twenty years. This is
somewhat surprising due to evidence suggesting most remaining farms are owned by larger
producers compared to the past, and that enlargement of operations can be more cost effective
(USDA 2010a, Hanson and Sites 2015). Physical pond size however has significantly decreased,
most likely due to the development of more effective production techniques. For example, splitponds, intensively stocked ponds, and hybrid catfish production are relatively new practices in
use today, and each typically require smaller areas (Tucker and Kingsbury 2010, USDA 2010b,
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Kumar et al. 2016). Despite these changes in culture practices and pond size cormorant densities
remain similar between periods.
At a larger scale, cormorants may be distributing themselves based on available forage
similar to what’s predicted in the ideal free distribution theory framework (Fretwell and Lucas
1969). That is, given the reduction of forging habitat (i.e. catfish ponds) in the Delta, the larger
migratory population of cormorants may be distributing themselves to other regions farther
south. In fact, some of the earliest accounts of cormorants in Mississippi suggest cormorants
spent little time wintering inland, but rather traveled closer to the coast (Lewis 1929). In
addition to changes in aquaculture area between periods, the number and distribution of
cormorant night roost sites may also influence how cormorants use aquaculture and may be
limiting on the numbers of cormorants that can occupy the area. Both of the above factors can
influence how much damage cormorants may cause and how it may be managed.
Roost harassment is one of the most effective ways of reducing cormorant impacts to
aquaculture (Reinhold and Sloan 1997, Mott et al. 1998, Glahn et al. 2000b). This technique
pushes cormorants away from areas of aquaculture, but its effectiveness can be limited. Dorr et
al. (2012a) notes this is likely due to the increasing number of cormorants in the region and the
proliferation of roosting sites. Studies examining roost harassment effectiveness were done when
the aquaculture industry was still growing and production was spread throughout the Delta, and
therefore many roosts had to be targeted. However, the reduced aquaculture industry is much
more concentrated today and cormorant abundance is also less. With fewer birds and potentially
more roosts to move birds to, roost harassment may be more effective compared to past efforts
given the changes in aquaculture distribution and cormorant abundance.
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Previous work has been done to estimate the economic damages attributed to cormorants
in the Delta region, but current estimates are lacking, and additional research is needed.
Typically these studies use cormorant abundance estimates from roost counts, bioenergetics
models, and food habit data to estimate catfish biomass loss over the winter (Glahn and Brugger
1995, Glahn et al. 2000c, Dorr et al. 2012a). The bioenergetics of cormorants has likely not
changed, but reevaluation of cormorant distribution, abundance and food habits in the Delta is
necessary, especially given the significant reduction in aquaculture area and changing culture
practices.
We also modeled contemporary avian species abundance (cormorants, herons, and egrets)
at three scales on aquaculture clusters, including factors associated with the cluster itself, along
with foraging habitat within a 4 or 14 km buffer. The amount of aquaculture area within the
cluster was a significant predictor for each species, with larger areas resulting in greater average
abundances. This is likely due to the simple fact more water area has the capacity to hold more
individuals. Our fish type metric was only significant for cormorants, showing clusters with
more foodfish production, as opposed to fingerlings, have greater abundances. When looking at
use versus availability at the pond level, Dorr et al. (2012a) found cormorants to select for
foodfish ponds. Our results suggest this selection is consistent when scaled up to the farm level.
Our models did not find fish type to be significant for either heron or egret abundance. Glahn et
al. (1999) reported 41% of catfish consumed by herons were from fingerling ponds and the
remainder from foodfish, indicating approximately equal preference. Catfish also make up
smaller portions of egrets’ total diet, but of those, most are typically fingerling size (Werner et al.
2001). In addition, the majority of catfish consumed by both egrets and herons are typically sick
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or dying (Glahn et al. 2002, Dorr and Taylor II 2003), and disease outbreaks are rare over the
winter months (Tucker and Hargreaves 2004).
Top models for each species show the cluster itself is not the only important scale for
species selection of catfish farms. Models including surrounding forage within the 14 km scale
had the greatest support for cormorant and egret abundance, whereas the 4 km scale was best
supported for herons. Rather intuitively, the more aquaculture there was around a cluster, the
greater the abundance of either cormorants or egrets within that cluster. Total surrounding
aquaculture area is likely a proximate cue perceived by these species, with more aquaculture in
the surroundings viewed as favorable due to greater forage potential. Estimated heron abundance
however, decreased with increases in surrounding aquaculture. Herons tend to forage in more
sporadic, smaller densities, wheras cormorant and egrets typically forage in larger congregations
(Erwin 1983, Glahn et al. 1999, Dorr et al. 2008, Mccrimmon et al. 2011). For example, Glahn et
al. (2002) examined heron depredation on aquaculture ponds in the Delta and found an overall
average of only 1-2 herons foraging per pond. Because of their general aversion to forage in
large groups, herons may spread themselves out given more surrounding aquaculture. Likewise,
if less aquaculture is around a cluster, herons will be restricted to that cluster alone and the
observed abundance will increase. Regardless of species or scale, the amount of naturally
occurring water within the cluster’s buffer was not a significant predictor of abundance. This
reinforces the idea that these species focus their foraging selection much more on catfish ponds
in the area.
Egret and heron abundances were consistent among the three years of this study, which is
not surprising given each have year-round resident populations in the area (Mccrimmon et al.
2011, Vennesland and Butler 2011). Cormorants, however, are not considered year-round
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residents and regional abundances may be more dependent on local conditions such as
temperature. In our case, cormorant abundance was significantly lower in 2017 compared to
either 2015 or 2016. We attribute this to the colder temperatures experienced in 2017 which
averaged 16.1°C during the months from November through February, whereas 2015 averaged
17.3°C and 2016 averaged 18.8°C. In fact, the top water layer of numerous catfish ponds had
completely frozen in between surveys in January of the 2017 winter season, which likely drove
cormorants out of the area for a period of time and reduced the observed counts.
Seasonal trends of herons and egrets on aquaculture were similar, with the greatest counts
occurring October through January. Glahn et al. (1999) reported similar patterns of densities on
aquaculture and attributed the fluctuations to migrant individuals moving through the area.
Modeled cormorant abundances and densities on aquaculture followed what has been previously
shown with respect to cormorant migration patterns (Dorr et al. 2008). Lastly, the variable
RSTVAR was positively related to cormorant abundance within a cluster. The magnitude of this
metric is proportional to the abundance and inversely proportional to the distance of roosting
sites relative to clusters. Therefore, roost harassment efforts should continue to be focused on
roosts with greater cormorant abundance and nearer to aquaculture.
Our research suggests large scale changes in both bird abundance and aquaculture area
have not influenced density of cormorants on ponds themselves. Although catfish producers are
experiencing the same relative cormorant depredation risk as in the past, we believe management
techniques such as roost harassment will prove even more essential today. Roost harassment will
be most effective when focusing on roosts primarily near aquaculture facilities and during the
latter part of the winter. We also provide abundance estimates of the three most common avian
predators of catfish at the farm scale, over a large region which has not been done. Bird
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abundance, and therefore management, is not only species dependent but also dependent on both
spatial and temporal factors. Lastly, we suggest these data can inform contemporary economic
analysis for all three piscivorous bird species in this study.
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Table 1.1

Parameter estimates for variables modeled against cormorant densities at
aquaculture clusters in the Mississippi Delta using a generalized linear model with
a negative binomial distribution.
Parameter



Intercept

-2.596

November

SE

p^

-0.082

0.248

0.740

December

-0.224

0.239

0.348

January

-0.033

0.296

0.909

February

1.472

0.249

<0.001

March

2.131

0.233

<0.001

April

1.016

0.255

<0.001

Time period (historic)*

-0.459

0.264

0.082

November : historic

0.273

0.329

0.406

December : historic

0.534

0.328

0.104

January : historic

1.169

0.370

0.001

February : historic

0.704

0.331

0.033

March : historic

0.068

0.314

0.828

April : historic

0.394

0.334

0.237

Cormorant abundance data was collected at multiple times points over the winter months
(October – April) of five years (2000, 2003 and 2015 – 2017). Beta estimates, standard error, and
associted p-values are shown.
* Categorical variable of time period includes ‘historic’ and ‘contemporary’, with contemporary
set as the reference. Historic period includes data collected during the years of 2000 and 2003,
and contemporary includes data collected from 2015 – 2017.
^ Bolded values represent statistically significant parameters at the level of alpha = 0.05.

24

Table 1.2

List of models constructed for cormorant, heron, and egret abundances at
aquaculture clusters in the Mississippi Delta.
AIC

 AIC

df

w

14 km buffer + Cluster

7637.7

0.0

16

0.966

4 km buffer + Cluster

7644.4

6.7

16

0.034

Cluster

7652.5

14.8

13

0

Null

8178.0

540.3

3

0

4 km buffer + Cluster

5583.4

0.0

15

0.984

14 km buffer + Cluster

5591.7

8.3

15

0.016

Cluster

5598.9

15.5

13

0

Null

5808.5

225.0

3

0

14 km buffer + Cluster

6110.5

0.0

15

0.927

Cluster

6116.0

5.5

13

0.061

4 km buffer + Cluster

6119.2

8.6

15

0.012

Null

6339.6

229.1

3

0

Model
Cormorant

Heron

Egret

Models were created using a negative binomial distribution in a generalized linear mixed model
framework, with cluster set as a random variable. Abundance data was collected at multiple
times points over the winter months (October – April) of three years (2015 – 2017). The number
of parameters (K), AIC, AIC, and AIC weight are also displayed. Models were based on three
different spatial extents, including the cluster itself, forage habitat within a 4 km buffer, or forage
habitat within a 14 km buffer.
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Table 1.3

Parameter estimates for variables modeled against cormorant, heron, and egret
abundances at aquaculture clusters in the Mississippi Delta using generalized
linear mixed models with a negative binomial distribution.
Cormorant

Heron

Parameter



Intercept

1.66

November

0.01

0.13

0.932

0.76

0.25

0.002

December

-0.33

0.13

0.011

0.35

0.25

January

-0.42

0.14

0.003

1.31

February

1.30

0.13

<0.001

March

1.98

0.13

April

1.18

Year (2016)

SE

p^



Egret

SE

p^



SE

p^

-0.60

0.27

0.026

0.169

-0.73

0.27

0.007

0.27

<0.001

-0.53

0.29

0.073

-0.51

0.29

0.079

-1.92

0.31

<0.001

<0.001

-2.05

0.27

<0.001

-2.60

0.28

<0.001

0.13

<0.001

-1.50

0.31

<0.001

-2.34

0.32

<0.001

-0.04

0.27

0.866

0.10

0.24

0.665

0.13

0.32

0.677

Year (2017)

-0.60

0.27

0.029

0.45

0.26

0.080

0.05

0.33

0.878

Fish Typet

0.30

0.15

0.046

-0.02

0.13

0.820

-0.25

0.18

0.160

Aq in buffer*

0.29

0.10

0.008

-0.50

0.10

<0.001

0.38

0.13

0.003

Nat in buffer*

-0.19

0.11

0.077

-0.09

0.10

0.330

0.21

0.13

0.114

Aq hectare

0.47

0.11

<0.001

0.59

0.10

<0.001

0.40

0.13

0.002

RSTVAR

0.18

0.04

<0.001

1.25

2.81

Abundance data was collected at multiple times points over the winter months (October – April)
of three years (2015 – 2017). The month of October and year 2015 were set as reference groups.
Beta estimates, standard error, and associted p-values are shown.
*Buffer size around aquaculture clusters was 14 km for cormorant and egrets, and 4 km for
herons based on their respective top ranked models.
^ Bolded values represent statistically significant parameters at the level of alpha = 0.05.
t
Fish type was a continuous variable calculated as the proportion of foodfish by area within a
cluster subtracted from the proportion of fingerlings.
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Figure 1.1

Historic and contemporary sample frames (outlined in red) established in the
Mississippi Delta in which aerial surveys of piscivorous avian species on
aquaculture were conducted.

The sample frame on the left was used by Dorr et al. (2008) in 2000 and 2003, and the sample
frame on the right was used for this study from 2015 – 2017. Blue shapes represent active catfish
aquaculture during each study. Data from all years was used to determine potential differences in
cormorants’ use of aquaculture over time. In addition, data from this study was also used to
determine farm scale factors influence on cormorant, heron, and egret abundances.
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Figure 1.2

Cumulative percent frequency distribution of cormorant movements from night
roosts to foraging locations the following day in the Mississippi Delta.

Categories are broken down into 10 km distances based on movements of VHF-marked
cormorants from January – March in 1997. Adapted from Tobin et al. (2002).
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Figure 1.3

Historic and contemporary estimated densities (+ 95% CI) of cormorants on
aquaculture from October through April in the Mississippi Delta.

Estimates were calculated using a generalized linear mixed model with a negative binomial
distribution of cormorant counts collected using aerial surveys. Two time periods were modeled,
including estimates during peak aquaculture coverage (2000 and 2003), and contemporary
estimates (2015 – 2017). Densities are not statistically different between time periods.
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Figure 1.4

Modeled relationships between spatial variables and mean abundance (+ 95% CI)
of cormorants, herons, and egrets on aquaculture clusters in the Mississippi Delta.

Count data was collected using aerial surveys flown from October through April during the years
2015 – 2017, and were modeled for each species using generalized linear mixed models with a
negative binomial distribution. Fish type metric was calculated as proportion foodfish hectares
within a cluster subtracted from proportion fingerling hectares. Surrounding aquaculture and
natural hectares were calculated within either a 4km or 14km buffer, depending on the top
ranked model for each species.
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Figure 1.5

Temporal variables influence on mean abundance (+ 95% CI) of cormorants,
herons, and egrets on aquaculture clusters in the Mississippi Delta.

Count data was collected using aerial surveys flown from October through April during the years
2015 – 2017, and was modeled using a generalized linear mixed models with a negative binomial
distribution.
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FORAGING HABITAT USE OF DOUBLE-CRESTED CORMORANTS (PHALACROCORAX
AURITUS) AND GREAT EGRETS (ARDEA ALBA) WINTERING IN THE MISSISSIPPI
DELTA: AQUACULTURE VERSUS NATURAL WATER BODIES
Abstract
Double-crested cormorants (Phalacrocorax auritus) and great egrets (Ardea alba) are
piscivorous avian species with an extensive history of human-wildlife conflict with the
aquaculture industry of southwestern Mississippi due to their depredation of cultured catfish.
Although aquaculture is abundant, western Mississippi also contains a substantial amount of
natural water bodies that offer alternative forage to these species. How cormorants and egrets
distribute themselves among these two foraging options is unknown, but it has been generally
assumed each species uses aquaculture disproportionately more due to the high density of
available prey. To test this assumption, we surveyed these species on aquaculture (proportion of
water area surveyed = 0.835) and natural water bodies (0.165) using aerial surveys from October
through April of 2015, 2016, and 2017. We used logistic regression to model the proportions of
each species on aquaculture ponds and naturally-occurring water bodies against the variables of
year, ordinal date, and differences between the temperature and precipitation during surveys
compared to the prior 25-year average. Models revealed cormorants used aquaculture less than
proportionally available during the months of October – February, and more during March and
April, indicating a distribution shift toward aquaculture in the months immediately prior to their
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migration. Egret’s use of aquaculture was more than proportionally available year round, but the
highest estimates occurred around December. We found that differences in precipitation
influenced aquaculture use by both cormorants and egrets, and differences in temperature
influenced use by cormorants. For cormorants, we also found the highest proportional use of
aquaculture occurred in 2016, a year when producers were not allowed to use lethal control
measures against cormorants. Proportion of cormorants on aquaculture was least in 2015, a year
when producers could freely take cormorants under authority of an Aquaculture Depredation
Order. This trend highlights the potential influence of changes in mortality risk, caused by
changes in policy regarding lethal take of cormorants, on cormorant’s distribution between
foraging habitats.
Introduction
Mississippi contains approximately 18,000-km2 of the Mississippi alluvial valley located
in the western portion of the state (Figure 2.1). This area, known as the Mississippi Delta, was
historically covered by bottomland hardwood forests, marshes, and wetland, but beginning in the
1800s was steadily cleared and drained primarily for agricultural purposes (McWilliams and
Rosson Jr. 1990, Stanturf et al. 1998, 2000). Most notably, catfish aquaculture practices have
thrived in the Delta due to the large quantities of ground water, flat topography, and the presence
of clay soils with low infiltration rates (Tucker and Hargreaves 2004, Hanson and Sites 2015).
With the loss of wetlands, piscivorous avian species that inhabit the Delta have presumably
shifted their foraging to the now abundant aquaculture facilities. This foraging has prompted
continuous human-wildlife conflict between these avian species and the aquaculture industry
through the depredation of cultured catfish (Stickley and Andews 1989, Glahn et al. 1999, Taylor
II and Dorr 2003, Glahn and King 2004). Notable of these avian species are the double-crested
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cormorant (Phalacrocorax auritus; hereafter, cormorant), and great egret (Ardea alba; hereafter,
egret; Wywialowski 1999, Taylor II and Dorr 2003).
Cormorants inhabit Mississippi primarily from October through April as part of their
annual migration from the Midwestern United States, whereas egrets can be found year round
with greater numbers occurring in colder months (Mccrimmon et al. 2011, King et al. 2012, Dorr
et al. 2014). Due to each of these species high affinity for fish, they regularly utilize aquaculture
facilities throughout the Mississippi alluvial valley. It has been well documented that both
species depredate catfish at aquaculture facilities to varying degrees, but cormorants are
considered the industry’s primary source of financial loss attributed to piscivorous birds (Mott
and Brunson 1995, Glahn and King 2004, Dorr et al. 2012, Feaga et al. 2015). Although the
Delta contains a substantial amount of aquaculture area, there is naturally-occurring water bodies
found throughout. It is assumed cormorants and egrets use aquaculture ponds disproportionately
more compared to natural water bodies due to the high density of a food available in aquaculture
ponds, but this assumption has yet to be evaluated.
The aquaculture industry in Mississippi Delta provides a rich source of food at high
densities, which is readily available to avian predators throughout the year. However, the
presence of humans and anthropogenic disturbances may elicit avoidance behavior. Additionally,
there are many dispersal methods implemented by catfish producers to reduce avian presence
(Mott and Boyd 1995, Reinhold and Sloan 1997, Wires et al. 2001). Lethal taking of cormorants
is also allowed through the aquaculture depredation order (AQDO; 50 CFR 21.47, USFWS
2014), and producers can apply for permits to lethally take egrets. The AQDO has been
controversial and has received much attention regarding its usefulness and impacts on
cormorants (Wires 2016). As a result, the AQDO has undergone changes in recent years. In May
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of 2016 the U.S. District Court for the District of Columbia vacated this order, ceasing all lethal
control methods at aquaculture facilities until an Environmental Assessment was produced. In
November, 2017, the U.S. Fish and Wildlife Service published an Environmental Assessment in
the Federal Register that allowed aquaculture facilities to apply for permits to lethally control
cormorants once again (USFWS 2017).
The objective of this study was to evaluate foraging habitat use of cormorants and egrets
in the Delta by measuring their distribution between catfish aquaculture and natural water bodies
and comparing these to the availability of each. To do so, we collected cormorant and egret
abundance data on both foraging habitat types over the winter season of three years, 2015-2017,
and estimated proportional use of each habitat by area. We examined possible within-season
variation to determine if use varied over the winter, and compared changes in temperature and
precipitation relative to historical averages. We also estimated proportional use by year to
determine possible differences related to the recent depredation order activity.
The risk associated with naturally-occurring water bodies is likely far less than at
aquaculture facilities. In fact, there are very few documented predators of adult cormorants or
egrets, and the few occasional predations reported are mainly attributed to large raptors, such as
the bald eagle (Haliaeetus leucocephalus) (Mccrimmon et al. 2011, Dorr et al. 2014). Although
the risk may be lower, the food supply in natural water bodies is much less dense compared to
what is available at aquaculture facilities. The behavior of these avian species to choose between
man-made structures and a more natural setting to forage is most likely based on risk,
availability, and prey accessibility. For cormorants and egrets, we hypothesized the fitness
benefits of increased foraging potential at aquaculture facilities is greater than that of decreased
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predation risk in natural settings. As such, we predicted proportionally greater use of aquaculture
than what is available relative to natural water bodies.
Methods
This study was conducted in a 2,772-km2 sample frame established in the primary catfish
producing area of the Mississippi Delta during the months of October through April of 2015,
2016, and 2017 (Figure 2.2). To obtain the most current location data of water bodies, we
manually digitized all aquaculture within the Delta region and all natural water bodies within the
sample frame using multispectral satellite imagery and high resolution aerial imagery. The
multispectral satellite imagery (30-m resolution) was taken from the LandSat-8 satellite on
August 15, 2015 and obtained from the US Geological Survey (USGS) Earth Explorer. We used
a multi-band method combining the LandSat-8 spectral bands 5, 6, and 4, and displayed them as
red, green, and blue, respectively, to improve surface water detection (Rokni et al. 2014). The
high resolution (approximately half meter) imagery was taken and mosaicked by the National
Agriculture Imagery Program (NAIP) from July to October of 2014 and obtained from the
USDA Geospatial Gateway. We used the Landsat-8 data to locate all current water bodies, and
the NAIP imagery to accurately digitize them. The sample frame contained 73.5% of all
aquaculture surface area within the Delta, totaling approximately 119-km2 of aquaculture, and
approximately 21-km2 of natural water bodies (Figure 2.2). We characterized natural water
bodies as non-flowing, unmanaged water bodies. These comprised mostly of oxbow lakes around
riverine habitat, bayous, and flooded timber areas. Surface area of each category varied only
slightly between years due to variation in production and precipitation.
To estimate the abundance of cormorants and egrets foraging on these resources within
the sample frame we conducted aerial surveys. We surveyed natural water bodies using a simple
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random sample, and a cluster sampling design for aquaculture ponds (Dorr et al. 2008). Catfish
ponds are on average 3.5 hectares (USDA 2010), so we disregarded any natural water bodies that
were smaller than this. In total, 88 natural water bodies fit this criterion within the sample frame,
of which 30% (n = 26) were randomly selected for surveys (Figure 2.2). Three water bodies were
dropped from our survey at the end of 2015 due to low water levels, and an additional three were
randomly selected for survey in 2016 and 2017. Aquaculture clusters were defined as all USGS
land survey sections that contained catfish ponds. Approximately 131 aquaculture clusters were
within the sampling frame but varied between years due to ponds going in and out of production.
Of these, we randomly selected 30% (n = 40) to be surveyed every year (Figure 2.2). Our goal
was to survey the same clusters each year, however, six clusters in 2015 and one cluster in 2016
ceased production, so we randomly selected replacement clusters for the following year’s survey.
Thirty percent was chosen for this study to maximize the sample size while still being
logistically possible to survey within a single day. Our goal was to fly two surveys per month
from October through April, with each flight limited to <8 hours to ensure counts were
completed in one day and to avoid double counting. Each survey began at approximately 0800
hours so they could be completed during daylight hours. Surveys were conducted in a fixed-wing
aircraft at an altitude of 100—150 m above ground level. The pilot circled over selected clusters
and natural water bodies while an observer recorded all target species present at each. Survey
routes were varied randomly to decrease the probability of surveying locations at the same
relative time between surveys.
To correct for error associated with observer counting, we took digital photographs of
cormorants and egrets on a subset of aquaculture ponds and natural water bodies. We
systematically chose ponds and natural water bodies to be photographed, ensuring a range of
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counts were covered. We used linear regression to model picture counts against estimates made
while flying, keeping the intercept set to zero (Glahn et al. 2000a). The estimated slope from
these regression models was used as a correction factor for all aerial counts. We constructed
individual models for each observer, by species and habitat type, and adjusted survey counts
accordingly.
Statistical Analysis
We constructed our survey count data to fit a binomial distribution where individual birds
on aquaculture were treated as a success (1), and a failure if on natural water bodies (0) (Zuur et
al. 2009). We performed regression analysis on this dependent variable against multiple variables
of interest for cormorants and egrets separately using program R, version 3.5.1 (R Core Team
2018). In this instance the model estimates represents the proportion of species on aquaculture
per survey. We examined the variable of ordinal date (where October 1st = 01) to determine if the
proportional use of foraging habitat varied over the winter season. We hypothesized cormorant
foraging needs would differ throughout the season based upon their migration phenology. Glahn
et al. (1997) found cormorants wintering closer to aquaculture had greater increases in body
mass prior to migration compared to cormorants remote from catfish production, and
hypothesized foraging at aquaculture facilties contributed to cormorant fitness. Given this
information, we predicted cormorants preparing to migrate north during the latter part of the
winter would seek out foraging sources with higher food densities to build energy reserves for
migration, and therefore show greater use of aquaculture compared to natural water bodies as
opposed to earlier in the winter.
Recent changes in the AQDO provided us a unique opportunity to study foraging habitat
use of cormorants with respect to lethal control measures taken by aquaculture producers. While
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only correlative, we examined how mortality risk influenced cormorant distribution between
habitats. The first survey year (2015) represents the maximum risk to cormorants, as producers
were allowed to lethally remove cormorants from their farms with no limit. The second year
(2016) represents the lowest risk, as the AQDO was ceased and no lethal measures against
cormorants were legal. Finally, the last year (2017) can be viewed as an intermediate risk level,
as farmers were able to apply for permits to lethally remove cormorants, but only a limited
number could be taken from their farms. We therefore included year as a categorical variable to
determine if proportional use of foraging habitat varied between survey years. Based on these
perceived risk levels, we predicted the proportion of cormorants on aquaculture would be lowest
during the first year, highest during the second year, and intermediate during the third year.
Because egrets were not directly affected by changes in the AQDO, we made no predictions
regarding differences in proportional use of aquaculture among years for egrets. However, we
still included year when modeling egrets to account for potential variation that may still be
present.
We included variables related to weather in our models to account for potential foraging
differences based on either precipitation or temperature. Natural water bodies water level are
sensitive to precipitation which may influence bird distribution, and temperature can contribute
to diet variability of cormorants (Dorr et al. 2014). Data for these variables were calculated as the
difference in monthly temperate or precipitation compared to the monthly averages over the
previous 25 years. We collected daily precipitation and maximum temperature values from four
weather stations located throughout the Delta from 1990-2015. Maximum temperature was
averaged by weather station, month, and year. Daily precipitation was averaged among weather
stations and totaled by month and averaged by year. Monthly averages during each year of our
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surveys were then subtracted from these 25-year averages to provide a measure of average
change in temperature and precipitation. Weather data were taken from the National Centers for
Environmental Information, obtained from the National Oceanic and Atmospheric
Administration website.
Given our predictions of aquaculture use being dynamic over the winter season, we
modeled ordinal date as a third-order polynomial. We also modeled difference in temperature
and precipitation as quadratic terms to allow for possible non-linear relationships. We
constructed a global model for cormorants and egrets separately, and used stepwise AIC
selection in R package MASS (Venables and Ripley 2002) to select the final models (Bolker
2008). We used the package effects in program R to calculate means, confidence interval, and to
graphically display independent variables influence on proportional use of aquaculture (Fox and
Hong 2009). Inference from these estimates and trends were made by comparing them to the
proportion of aquaculture and natural forage available by surface area. On average, we sampled
6,439 ha of aquaculture, and 1,250 ha of natural water bodies each year, resulting in a proportion
of water surface area of 0.835 as aquaculture, and 0.165 as natural. In effect, if no preference of
habitat use exists we would expect estimated proportion of species on aquaculture to be
approximately 0.835 (and by default 0.165 on natural).
Results
We completed 12 surveys over the winter season of 2015, 12 in 2016, and 9 in 2017. The
correction factor estimated from modeling picture counts against aerial counts on aquaculture
and natural water bodies averaged 1.01 and 0.97 for cormorants, and 0.88 and 0.90 for egrets,
respectively. However, counts for each survey were adjusted based on individual observer’s
correction factor. Total adjusted cormorant counts for all surveys combined were 24,735 on
40

aquaculture and 7,961 on natural water bodies. Total adjusted counts for egrets were 14,913 on
aquaculture and 837 on natural water bodies. In general, counts were similar among years for
each species. Cormorant abundance showed a slight peak early in the winter season, followed by
a more substantial peak from February through March. Egret abundance was greatest early in the
winter, then gradually decreased through April (Figure 2.3).
Stepwise AIC selected the global model for cormorants and removed the variable of
temperature for egrets. Covariates of year and ordinal date were significant in both species’ final
models (Table 2.1). Estimated proportion of cormorants on aquaculture was highest in 2016 with
a mean of 0.865 (95% CI: 0.858 – 0.871), which was greater than the proportion of aquaculture
available by surface area. Estimated proportion in 2017 fell below the proportion of available
aquaculture with a mean of 0.810 (0.805 – 0.822), and 2015 had the lowest mean estimate of
0.642 (0.633 – 0.649) (Figure 2.4). Each yearly estimated proportion of egrets on aquaculture
was greater than the proportion of aquaculture available. The lowest proportion of egrets on
aquaculture was in 2015 with a mean of 0.88 (0.877 – 0.899), followed by 2016’s mean of 0.938
(0.932 – 0.943), and 2017’s mean of 0.993 (0.990 – 0.995) (Figure 2.4). Estimated proportion of
cormorants on aquaculture by ordinal date, averaged by year, showed cormorants to use
aquaculture less than what was proportionally available from October through February, and
significantly more during the months of March and April (Figure 2.5). In general, proportional
use appears constant from October until the end of January when estimates steadily rise for the
remainder of the winter (Figure 2.5). Estimated proportion of egrets on aquaculture by ordinal
date, averaged by year, showed egrets to consistently use aquaculture more than what was
proportionally available throughout the winter (Figure 2.5).
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Difference in precipitation ranged from approximately -3 to 9 inches from the prior 25
years. Precipitation difference showed similar patterns of proportional use of aquaculture for
both cormorants and egrets (Figure 2.6). Months with drier or wetter conditions compared to
average resulted in greater proportional use of aquaculture (Figure 2.6). However, the effect size
on egrets was much lower compared to that of cormorants. Difference in temperature ranged
from approximately -5 to 10 degrees. The influence of this variable on cormorant’s use of
aquaculture was slight, with increased proportional use occurring during months warmer than
usual (Figure 2.7).
Discussion
In this study we tested the assumption that cormorants and egrets use aquaculture
disproportionally more to what is proportionally available, and found it to be supported to
varying degrees. Estimated proportion of cormorants on aquaculture versus natural water bodies
were highest in 2016 and lowest in 2015 (Figure 2.4). During the 2015 survey period catfish
producers were allowed to use lethal control against cormorants without a federal permit under
the AQDO, and proportional estimates of cormorants on aquaculture were lower than what was
proportionally available. However, during the 2016 survey the AQDO was ceased, and no lethal
control methods could be legally used at aquaculture facilities, and proportional estimates of
cormorants on aquaculture were greater than what was proportionally available. However, other
non-lethal means of harassment such as pyrotechnics or the use of live ammunition to scare birds
was still an allowable technique used to reduce bird presence (Mott and Boyd 1995, Glahn et al.
2000b). Lastly, during the 2017 survey year producers were allowed to once again use lethal
measures, but were required obtain a permit and were limited on the number of cormorants to be
taken. Proportion of cormorants on aquaculture during 2017 was intermediate compared to the
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other two years, but still fell below the proportion of aquaculture available by surface area. These
findings match our initial predications of lethal control influencing how cormorants distribute
themselves between the two available foraging options. Although the ability of producers to
successfully kill cormorants has proven to be rather difficult (Hess 1994), removing the option
may result in increased habituation to non-lethal methods and an overall reduced risk perceived
by cormorants. The absence of lethal measures is just one possible reason why we observed the
difference among years for cormorants (Figure 2.4).
Egrets are commonly viewed as a minimal risk to catfish producers (Wywialowski 1999),
and financial loss attributed to them is much lower than cormorants (Glahn and King 2004). In
fact, Glahn et al. (1999) found egret diets in the Mississippi Delta to comprise of only 28.3%
catfish by weight, and most catfish consumed were already dead. Therefore, it is likely that less
effort goes into the direct harassment of egrets at aquaculture facilities and why the estimated
proportions on aquaculture were consistently greater than expected given its availability (Figure
2.4).
Estimated proportion of cormorants on aquaculture varied by date, with the highest
values in March and April. Using bioenergetics models of cormorants, Glahn and Brugger
(1995) estimated the number of consumed catfish to be the highest at the end of the winter
season when cormorant diet shifted more toward catfish. Our results compliment their findings,
as we observed cormorants to shift their distribution away from natural water bodies and toward
aquaculture later in the winter (Figure 2.5). This shift occurs during the months directly before
cormorants begin their migration north (Dorr et al. 2014). Alternatively, migratory egrets
typically leave beginning in February (Mccrimmon et al. 2011). Similar to cormorants, we
observed a slight increase in egret distribution toward aquaculture prior to their leaving the
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Mississippi Delta, although it is high throughout the entire season (Figure 2.5). These results
suggest both species shift their focus toward aquaculture more heavily to fulfill the energy
requirements of migration.
Difference in precipitation remained in both species final models. Inference of this
variable on cormorant distribution is that during months that are drier than normal, or wetter than
normal, the proportion of cormorants found on aquaculture increases (Figure 2.6). Natural water
bodies are susceptible to changes in water level by precipitation, whereas aquaculture ponds are
maintained at specific levels regardless. Changes in water level at natural water bodies may
reduce cormorant foraging efficiency, encouraging more cormorants to use aquaculture. For
example, as water levels increase, the density of prey will reduce at natural water bodies while
the density in aquaculture ponds will remain constant. Alternatively, less water may result in
fewer available ha, greater intra and interspecific competition, and over exploitation of prey
found in natural water bodies as they become more confined. Additionally, during periods with
large amounts of rainfall, pond levees can become difficult, if not impossible, to drive on,
reducing the efficiency of bird harassment at facilities. The influence of precipitation on egret’s
proportional use of aquaculture did show a trend, but is arguably trivial, with a range of only
0.031 difference on estimated proportions (Figure 2.6).
Difference in temperature only remained in the cormorant model. The overall effect
appears minor, with a range of 0.076 difference between the minimum proportion and maximum
(Figure 2.7). Increases in proportional use of aquaculture are only evident toward larger
difference in temperature, meaning proportional use remains relatively constant until much
warmer than average temperatures are observed. Even in these cases, only a slight increase in
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proportion is estimated here. Influence of warmer than average temperatures on proportion may
be associated precipitation as well (Figure 2.6).
Our results suggest cormorants use aquaculture disproportionately relative to natural
water bodies, particularly prior to spring migration and egrets use aquaculture disproportionately
throughout the winter. We also found evidence suggesting changes in mortality risk due to
changes in cormorant management policy may have influenced use of aquaculture. Foraging
habitat use is a dynamic process that is most likely driven by multiple factors, including food
density, perceived risk associated with the habitat, and species energy demands. It is important to
clarify that the estimates reported in this study are simply the proportion of all cormorants or
egrets to be on aquaculture within our sample frame compared to natural water bodies over the
winter season. These do not provide a measurable impact on the catfish industry of Mississippi
as total population estimates are not incorporated. This study offers insight into the foraging
ecology of these species as to how they distribute themselves among natural, and what is
essentially man-made foraging habitat within the Delta.
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Table 2.1

Results of logistic regression models of cormorants and egrets on aquaculture (1)
versus on natural water bodies (0).

Coefficients

Estimate

Std. Error

95% LCI

95% UCI

P-val

Intercept

0.327

0.026

0.276

0.379

< 0.001

Year (2016)

1.672

0.044

1.584

1.760

< 0.001

Year (2017)

1.113

0.040

1.034

1.191

< 0.001

Date

4.717

0.125

4.471

4.964

< 0.001

Date2

1.324

0.119

1.089

1.559

< 0.001

Date3

1.769

0.116

1.541

1.999

< 0.001

Temp

0.561

0.139

0.288

0.833

< 0.001

Temp2

0.295

0.129

0.043

0.550

0.022

Precip

1.200

0.118

0.967

1.433

< 0.001

Precip2

2.160

0.103

1.957

2.365

< 0.001

Intercept

2.261

0.082

2.101

2.427

< 0.001

Year (2016)

0.649

0.129

0.397

0.903

< 0.001

Year (2017)

3.395

0.203

3.008

3.807

< 0.001

Date

-0.385

0.297

-0.959

0.210

0.195

Date2

-3.666

0.289

-4.230

-3.094

< 0.001

Date3

3.872

0.290

3.308

4.448

< 0.001

Precip

-1.115

0.388

-1.867

-0.339

0.004

Precip2

3.625

0.351

2.945

4.323

< 0.001

Cormorant

Egret

Data was collected from October through April over three years: 2015, 2016, and 2017, with
2015 modeled as the reference group.
Variable Descriptions: Date – Ordinal date, where October 1 is set as 01; Temp – average
monthly temperature during a given survey subtracted from the prior 25-year monthly average
Precip – total monthly rainfall during a given survey subtracted from the prior 25-year monthly
average
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Figure 2.1

Portion of the Mississippi alluvial valley located in Mississippi, known as the
Mississippi Delta.

Red shapes represent aquaculture present over the years of 2015 – 2017.
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Figure 2.2

Sample frame established in the Mississippi Delta (outlined in blue).

Red shapes represent aquaculture present during the study. Black polygons represent randomly
selected natural water bodies surveyed, while gray polygons represent all other remaining natural
water bodies. Bounded boxes within the sample frame represent aquaculture clusters. Boxes
outlined with thick black borders were randomly selected aquaculture clusters surveyed during
the study, and gray boxes were clusters not selected. Aerial surveys were conducted on these
selected units to gather abundance data of double-crested cormorants and great egrets.
Approximately two surveys were done per month from October through April of three years,
2015-2017.
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Figure 2.3

Abundance of cormorants and egrets counted from aerial surveys of aquaculture
ponds and natural water bodies over three winter seasons (2015 – 2017) in the
Mississippi Delta.
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Figure 2.4

Estimated proportions and 95% confidence intervals of cormorants and egrets on
aquaculture by year.

The red dashed line represents the proportion of surveyed water area classified as aquaculture
(0.835). If either species were using aquaculture and natural water bodies proportional to their
availability, estimates would fall on the red dashed line. Estimates below the line indicate higher
proportional use of natural water bodies, and above the line higher proportional use of
aquaculture.
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Figure 2.5

Estimated proportion of cormorants and egrets on aquaculture by date, averaged by
year in a sample frame established in the Mississippi Delta.

Estimates and 95% confidence intervals calculated from a logistic regression model. The red
dashed line represents the proportion of surveyed water area classified as aquaculture (0.835). If
either bird species were using aquaculture and natural water bodies proportional to their
availability, estimates would fall on the red dashed line. Estimates below the line indicate higher
proportional use of natural water bodies, and above the line higher proportional use of
aquaculture.
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Figure 2.6

Influence of precipitation difference on the proportion of cormorant and egret
found on aquaculture in a sample frame established in the Mississippi Delta.

Precipitation difference was calculated by taking the total monthly rainfall of each survey and
subtracting it from the 25-year monthly average. Estimates and 95% confidence intervals
calculated from a logistic regression model.
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Figure 2.7

Influence of temperature difference on the proportion of cormorants found on
aquaculture in a sample frame established in the Mississippi Delta.

Temperature difference was calculated by taking the mean monthly temperature of each survey
and subtracting it from the 25-year monthly average. Estimates and 95% confidence intervals
calculated from a logistic regression model.
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FINE SCALE CHARACTERISTICS OF CATFISH AQUACULTURE PONDS
INFLUENCING PISCIVOROUS AVIAN SPECIES FORAGING USE
IN THE MISSISSIPPI DELTA
Abstract
Piscivorous avian species are the main source of catfish depredation at catfish
aquaculture facilities, resulting in the economic loss of millions every year. Most notable of these
avian species, in the Mississippi Alluvial Valley, are the double-crested cormorant
(Phalacrocorax auritus), great blue heron (Ardea herodias), and great egret (Ardea alba).
Understanding why these species select certain catfish production ponds at aquaculture facilities
can increase management efficiency directed at avian dispersal, and provide insight into these
species’ decision making with respect to foraging behavior. We collected species presence data
on catfish ponds by flying 35 surveys from October through April of 2015 – 2017, during which
an average of 973 catfish ponds were observed each year. We collected data associated with each
pond’s physical surroundings and contents and used occupancy modeling to determine their
influence on occupancy probability. We also collected data associated with stocking practices
and catfish health on a subset of ponds, and constructed resource selection functions using
generalized linear mixed models to model their influence on avian presence. Pond area was
positively related to occupancy probability of each species. Cormorant occupancy increased as
pond distance from forest cover and activity centers, such as workshops and offices, increased.
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Distance to nearest activity center was positively related to egret occupancy, while distance to
nearest forested area was negative. Ponds containing diseased catfish had an increased
probability of use by both herons and egrets. In general, cormorants and egrets show higher
probability of using ponds on the periphery of pond clusters. Specific pond contents and
characteristics influenced presence of each avian species in different ways, including fish species
cultured, production methods, pond systems, and fish types. The abundance of catfish was also
positively related to cormorant and heron presence. Many pond selection relationships were
species-specific, illustrating inherent differences in their foraging ecology. Consequently,
specific management actions aimed to reduce avian presence will depend on the targeted species.
Introduction
Commercial production of catfish is the largest aquaculture industry in the United States,
with the majority of production (59%) occurring in Mississippi (Vilsack and Reilly 2014). Sales
of domestic catfish products in 2018 were valued at $360 million, of which $207 million came
from Mississippi (NASS 2018). Most catfish production in Mississippi occurs within an 18,000km2 region located in the northwest portion of the state, known as the Mississippi Delta (Figure
3.1) (Vilsack and Clark 2014). The high concentration of aquaculture area found in the Delta
continually prompts human-wildlife conflict by providing a readily available food source for
piscivorous avian species inhabiting the region (Glahn et al. 1999, Dorr and Taylor II 2003, Dorr
et al. 2008).
Numerous avian species have been reported to depredate fish at aquaculture facilities
throughout North America (Gorenzel et al. 1994, Wywialowski 1999, Glahn and King 2004).
Double-crested cormorants (Phalacrocorax auritus; hereafter, cormorant) are documented as the
greatest avian predator of catfish at aquaculture facilities in the southeastern US, followed by
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great blue herons (Ardea herodias; hereafter, herons), and great egrets (Ardea albus; hereafter,
egret; Wywialowski 1999, Dorr and Taylor II 2003). Past studies estimate catfish depredation by
these species cost producers millions of dollars each year (e.g., Stickley et al. 1995, Glahn et al.
1999, 2000, Dorr et al. 2012, USFWS 2014).
Most aquaculture producers have implemented programs to reduce the abundance of
foraging birds at their facilities to reduce loss through depredation (Wywialowski 1999). These
efforts include frightening tactics such as pyrotechnics or gunfire (Mott and Boyd 1995), lethal
take (Belant et al. 2000, Blackwell et al. 2000), and roost dispersal (Glahn 2000). These
management techniques are large scale, farm-level efforts designed to disperse birds from their
facilities. In effect, catfish producers are trying to alter how these birds perceive foraging habitat
at aquaculture facilities by increasing the risk associated with catfish ponds in hopes birds will
develop an aversion and reduce bird presence over time. Despite these efforts, optimal foraging
opportunities, or the presence of naïve birds, results in human-wildlife conflict through the
depredation of catfish. How these avian species select particular ponds at aquaculture facilities is
an area of particular interest for two reasons. First, catfish producers can allocate their time and
resources to increase the effectiveness of bird dispersal if they have a greater understanding of
how birds select for certain ponds over others. Secondly, understanding how birds select for
certain ponds will add insight into the species’ decision-making behavior with respect to
foraging and general habitat use. This is particularly interesting given these species inhabit an
area containing man-made ponds which are regularly used to augment nutritional requirements.
Catfish ponds differ from other foraging habitat typically used by piscivorous avian species in
numerous ways. Catfish ponds are small, uniformly square, spatially clumped, and are
accompanied by continuous human presence.
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We hypothesized variation in pond physical and spatial characteristics will ultimately
influence how cormorants, egrets, and herons select and use specific ponds for foraging
resources over others. The scale of individual pond is analogous with Johnson's (1980) fourth
order habitat selection, as compared to the farm itself which would be third order. If avian
species choose to forage within a group of ponds, why they choose specific ponds to use is our
question of interest. Therefore, our specific objective was to evaluate how fine scale factors of
catfish ponds influence the probability of use by cormorants, herons, and egrets in the
Mississippi Delta.
Methods
Bird Surveys
This work was conducted in a sample frame established in the primary catfish producing
area of the Mississippi Delta (Figure 3.1). The sample frame was 2,772-km2, and contained
approximately 73% of the total water surface area in production found throughout the entire
Delta. To survey avian species foraging on catfish aquaculture ponds within the sample frame we
utilized a cluster sampling design described by Dorr et al. (2008). This design consists of aerial
surveys flown over aquaculture clusters and target species counted within each cluster. Clusters
represent the primary sampling unit and are defined as all USGS land survey sections that
contain aquaculture ponds. The secondary sampling unit is all ponds >50% within the cluster.
We flew 35 surveys over the consecutive winter seasons (October – April) of 2015, 2016,
and 2017, coinciding with the peak cormorant movement through Mississippi (Wires et al. 2001,
Dorr et al. 2008). Cormorants are of particular interest for this work as they are the primary avian
predator of catfish aquaculture (Glahn and King 2004). Approximately 136 aquaculture clusters
were within the sampling frame, but varied between years due to aquaculture facilities and ponds
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going in and out of production. Of these, we randomly selected 30% (n=41) to be surveyed every
year (Figure 3.1). Our goal was to survey the same clusters each year, however, six clusters in
2015 and one cluster in 2016 ceased production, so we randomly selected replacement clusters
for the following year’s survey. In total we sampled 1,187 unique ponds throughout the three
years of the study. Thirty percent was chosen for this study to maximize the sample size while
still being logistically possible to survey within a single day.
Our goal was to fly two surveys per month from October through April of each year, but
was dependent on constraints related to weather or aircraft issues. Each flight was limited to <8
hours to ensure counts were completed in one day and to avoid double counting individual birds.
Each survey began at approximately 0800 hours so they could be completed during daylight
hours (shifted for daylight savings). Surveys were conducted in a fixed-wing aircraft at an
altitude of 100—150 m above ground level. The pilot circled over selected clusters and an
observer recorded species presence on, or near, each pond within the cluster (i.e., on pond
levees). Flight routes were randomly selected for each survey to decrease the probability of
surveying the same aquaculture cluster at similar times between surveys.
Pond Data
We collected 14 variables of data associated with catfish ponds. These variables can be
placed into three principal categories: 1) pond level, 2) surrounding habitat, and 3) conditional
(Table 3.1). Pond level variables include pond size, pond structure, fish type, catfish species, and
production method (Table 3.1). Pond size is the area of a pond, measured in hectares. Catfish
ponds in the Delta vary from less than 2 ha up to greater than 9 ha in size, but most are
approximately 4 ha (USDA 2010a). Dorr (2006) found cormorants more likely to forage on
larger ponds compared to smaller ponds in the region. We predicted to find similar results for
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cormorants, herons, and egrets in this study, with the hypothesis that these avian species perceive
smaller ponds as riskier compared to larger ponds. Smaller ponds have less shore line, limiting
wading birds to a smaller confined area, and similarly restrict cormorants closer to shore
compared to larger ponds.
Pond structure includes traditional levee ponds or split-ponds. Traditional levee ponds are
open rectangular ponds stocked with fish that roam freely (USDA 2003). Split-pond systems
include two ponds that can exchange water, where one pond contains catfish and the other serves
as a treatment pond. The treatment pond is a larger, shallow, fishless basin that represents up to
85% of the total water surface area and the fish containing pond is stocked at high densities. The
physical separation of fish from the pond ecosystem functions such as oxygen control and waste
management of the treatment pond can provide greater stocking densities, less maintenance, and
increased fish yield (Tucker and Kingsbury 2010). We hypothesized the greater amount of fish
found in split-ponds may increase avian predator’s interest and food capture efficiency.
However, spit-pond designs also have smaller surface area which may also serve as a hindrance.
Fish types include the categories of broodfish, foodfish, or fingerlings. In Mississippi,
approximately 81.3% of aquaculture area is devoted to foodfish, followed by 15.9% fingerlings,
and 2.8% broodfish (USDA 2010b). Past studies show cormorants and herons show higher
selection for fingerling ponds (Glahn et al. 2002), most likely due to fingerlings being smaller in
size, making them easier to capture, handle, and consume. Conversely, larger catfish are more
difficult to capture and consume by cormorants, herons, or egrets (Glahn et al. 1995, 2000a).
Catfish species included hybrids or channel. The production of hybrid catfish has
increased in popularity in recent years (Johnson et al. 2014). Hybrid catfish are a cross between a
female channel catfish (Ictalurus punctatus) and a male blue catfish (Ictalurus furcatus). The
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hybrid is characterized as being superior to the common channel catfish with faster growth rates,
better feed conversion, have increased disease resistance, and are tolerant of crowded growth
conditions in ponds (Li et al. 2004, Dunham and Masser 2012). We predicted hybrids stocked at
greater densities would increase avian predation, but hybrids’ resistance to disease and faster
growth rates may also reduce predation.
Production method included multi-batch or single-batch practices. Multi-batch
production is a method in which ponds contain more than one age class of fish, and producers
selectively harvest fish while continuing to restock the pond, whereas single-batch production
involves ponds containing fish that are all the same age, and harvested completely together
(USDA 2010a). Because these avian predators prefer smaller, more easily consumable fish, we
hypothesized they would select for ponds that have such fish available. We therefore predicted
the multi-batch system to have more avian predators present due to the availability of catfish at
varying size classes compared to the single-batch system.
Following the conclusion of each winter’s surveys, we contacted producers to obtain
information of pond structure, fish type, catfish species, and production method of every pond
we surveyed. Pond size was calculated by manually digitizing ponds in a geographic information
system (ArcGIS v 10.2) using high resolution (sub-meter) NAIP (National Agriculture Imagery
Program) aerial imagery taken from July to October of 2014, retrieved from the USDA
Geospatial Gateway.
Surrounding habitat variables include adjacent pond index and distance from pond to
nearest activity center, all-weather roads, and forest patches. The adjacent pond index is a
general measure of how isolated ponds are with respect to adjacent ponds. The vast majority of
ponds within our sample are rectangular in shape, generally having four edges. To keep this
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variable simplistic, we based this index on the presence of neighboring ponds at each edge. For
example, if no other ponds are found directly adjacent to the edges of a pond, that ponds’ index
would be zero. Alternatively, if a pond is completely surrounded by neighboring ponds the index
would be a four.
Activity centers are classified as building structures on the farm where personnel are
found on a daily basis, including offices, garages, and shops. Activity centers are therefore areas
of increased human activity which may likely reduce avian species use of ponds due to perceived
risk associated with human presence. All weather roads are characterized as roads that are
routinely maintained and regularly accessible. Bird harassment conducted by vehicle is one of
the most effective ways to harass birds, and therefore pond location relative to these roads may
impact species occurrence (Mott and Boyd 1995, Dorr 2006). Finally, we hypothesized distance
to forest patches may influence avian use of ponds by providing potential nearby cover or loafing
areas, or alternatively impact their ability to depart ponds. Distance measurements were also
calculated in a geographic information system (ArcGIS v 10.2), similar to pond size.
Both pond level and surrounding habitat categories include variables that remain constant
within a given winter, and we were able to collect such information for every pond surveyed.
The conditional category, however, include variables that may change throughout the winter
season and their values are therefore conditional upon the timing of each survey. Conditional
variables include fish abundance, date of last stocking, presence of disease, oxygen level, and
presence of non-cultured species. Average stocking densities (fish/ha) and therefore total fish
abundance within a pond has increased in the last ten years (USDA 2003, 2010a), which may
increase avian forage intensities. For example, Werner and Dorr (2006) found cormorants to
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forage more on ponds with higher prey densities. We hypothesized that increased abundance of
catfish may increase capture efficiency, and predict the same will be true for herons and egrets.
Date of last stocking (no. of days) is relatable to catfish size, as current catfish size will
be dependent on the amount of time since they were stocked. Research suggests herons and
egrets select catfish that are diseased or dead (Glahn et al. 1999, 2000a, 2002). Similarly, oxygen
levels can impact catfish health and may serve as a proximate cue for piscivorous species (Glahn
et al. 2002). We categorized the variable of disease as present or absent, and oxygen level as
normal or low (< 3 ppm). We hypothesized the reduced health of the catfish brought on either by
disease or reduced oxygen will reduce their ability to avoid predators, and predicted avian
species will select for ponds that have such conditions. Fish species other than primary
production species such as shad or carp may be intentionally or unintentionally introduced. The
presence of these non-cultured species can have both positive and negative effects to production
(USDA 2010a). For example, processors may fine producers for having other species in their
harvest. However, these species can also potentially serve as a buffer species to avian predators
foraging on catfish ponds (Stickley et al. 1992). Glahn and Brugger (1995) found the diet of
cormorants wintering in the Mississippi Delta to be comprised of high amounts of gizzard shad
(Dorosoma cepedianum). Similarly, herons and egret diets in the Delta have been reported to
contain a large portion of non-catfish species such as Lepomis spp. (Glahn et al. 1999). We
therefore predicted the presence of these species to increase foraging selection of avian
predators.
Data for the conditional variables were collected directly from personnel working at the
aquaculture facilities < four days following each survey to obtain the most accurate information
as possible. Due to logistical constraints, we could not gather this information for every pond
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surveyed, so we randomly selected clusters to be sampled. Efforts to collect conditional variable
data were only made during the 2015 winter season survey. Only clusters with the target species
present were included for selection, and clusters with cormorants, egrets, and herons were
selected separately. For each pond within a selected cluster containing the target species, we
randomly selected another pond to sample within that cluster that did not have the species
present. In the event a selected cluster also contained another target species, we opportunistically
collected data for that species as well.
Statistical Analysis
Occupancy Analysis
Our aerial bird surveys resulted in repeated visits of individual ponds over a given winter
season of three years. This sampling framework lends itself to occupancy modeling, in which the
probability of species occupying a site can be estimated while incorporating imperfect detection
(Mackenzie et al. 2006) and allows the ability to model the detection and occupancy processes
separately, with the incorporation of desired covariates. In these models the definition of
sampling sites, replicated sampling occasion, and season are dependent on the application of the
model, the situation, and the species (Bailey et al. 2014). Here, our sampling units are individual
ponds, sampling occasions are aerial surveys occurring approximately every 2 weeks, and the
season is the winter season of each year, encompassing the months of October through April.
One primary assumption of occupancy modeling is any given site is closed to changes in
occupancy between surveys within a given survey season. In our application this means a pond is
assumed to be occupied (or used) throughout the entirety of a winter season if a target species is
observed at least once. Although the species using a pond will not constantly be present
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throughout the entire duration of a winter, we assume a pond that is known to be used is likely to
be used continually throughout the winter.
We used single season occupancy models for cormorants, egrets, and herons separately
(Mackenzie et al. 2006). We treated each pond × year combination as a distinct site because we
were primarily interested in the driving factors influencing pond use, rather than processes
related to turnover rates associated with dynamic occupancy modeling (i.e., extinction or
colonization rates) (Fuller et al. 2016, Crum et al. 2017, Linden et al. 2017). Likewise, variables
associated with ponds rarely changed between years, which would result in less variability to
model among seasons.
We used a two-step process to model species occupancy of catfish ponds using package
unmarked (Fiske and Chandler 2011) in program R, version 3.5.1 (R Core Team 2018). First, we
modeled detection using covariates we hypothesized would affect detection probabilities, while
holding occupancy constant. Second, we modeled occupancy using variables corresponding to a
priori hypotheses with the best model for detection probability incorporated (Bailey et al. 2004,
Peterman et al. 2013). Because we treated each pond × year as a distinct site, we elected to
include year as a categorical variable in all detection and occupancy models constructed, with
2015 set as the reference group.
Abundance of organisms surveyed is one of the largest sources of heterogeneity in
detection (Royle and Nichols 2003). The abundances of cormorants, herons, and egrets in the
Delta are known to fluctuate throughout the winter (Glahn et al. 1999, Dorr et al. 2008), we
therefore included ordinal date in our detection models, with October 1st = 01. Ordinal date was
included up to a third order term to allow detection probabilities to vary over a given season. In
the scope of this study, detecting the target species on a pond given its presence is not necessarily
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an issue, as the whole pond can be seen from the plane and there is little or no cover. Instead,
detection of the target species is related to our survey methods. For instance, we surveyed each
pond approximately every two weeks, and we were typically only present at any given pond for a
few seconds. If a pond is being used by the target species, the probability of observing them
during our brief and infrequent surveys is likely low. Similarly, if there are greater abundances of
the target species in the area, the chance of observing one of them on any used pond is likely
greater. Because each species relative abundance in the Delta is related to ordinal date, we could
not include both relative abundance and date in the model. We ran a Pearson’s correlation test
between estimated model detection probabilities and total counted species during individual
surveys to test the relationship.
After finding the best parameters for the detection model, we then constructed four
occupancy models for each species. These models were based on two overarching hypotheses
governing pond selection: 1) pond-level variables (i.e., just the pond itself), and/or 2)
surrounding habitat variables (i.e., the physical surroundings of a pond). We therefore included a
model only incorporating year, year and pond level variables, year and surrounding habitat
variables, and a global model with all three (Table 3.1). Occupancy analysis does not allow for
missing values of site-level variables which was an issue for the variables of pond structure, fish
type, fish species, and production method. For example, broodfish do not necessarily have a
production method, and treatment ponds do not contain fish and also lack a production method.
In addition, many of these variables were not independent. For example, all fingerling ponds are
considered single-batch production and were all in levee ponds, and split-ponds within our
sample were all stocked with hybrid foodfish. We therefore combined pond structure, fish type,
fish species, and production method into a pond category variable with nine levels that
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encompass all sampled ponds. These pond categories were broodfish (BR), split-pond hybrid
(SH), levee ponds with channel or hybrid catfish in multi-batch production (LCMB, LHMB,
respectively), levee ponds with channel or hybrid catfish in single-batch production (LCSB,
LHSB, respectively), channel catfish fingerling (CFIN), hybrid catfish fingerling (HFIN), and
treatment (TRT) which was set as the reference group.
All continuous variables were standardized to avoid problems with parameter estimation
while modeling (Schielzeth 2010), and adjacent pond index category four was set as the
reference group. We checked for collinearity among predictor variables using variance inflation
factors (VIF) calculated from the full model. We used the cut off of VIF > 5 to determine if a
variable should be removed (Zuur et al. 2009). Final detection models, and subsequent
occupancy models were chosen based on the smallest value of AIC (Burnham and Anderson
2002). We assessed model fit for the occupancy models using Pearson chi-square (MacKenzie
and Bailey 2004, Mackenzie et al. 2006). This is done by using a parametric bootstrap to
generate simulated data based on the global model, which creates detection histories and
computes a chi-square value for each iteration (Mazerolle 2017). The chi-square produced from
the original data is then compared to the bootstrapped values. A p-value is produced as the
proportion of bootstrapped values greater than the original value, and a ĉ is calculated from the
original chi-square divided by the mean of the bootstrapped values. A ĉ equal to one indicates
perfect fit, whereas deviations from one indicate over-dispersion or lack of model fit. If lack of
fit was evident, quasi-likelihood information criteria is suggested (MacKenzie and Bailey 2004).
We ran this test on the global model for every species (Burnham and Anderson 2002) with 1,000
bootstrap iterations using package AICcmodavg (Mazerolle 2017).
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To interpret the influence of continuous variables on species occupancy and detection,
along with creating graphical displays, we created multiple linear combinations using the predict
function in program unmarked (Fiske and Chandler 2011). This is done by allowing the variable
of interest to vary over its range while holding all other variables at their mean. Influence of
adjacent pond index, along with yearly estimates of occupancy were calculated in the same way.
Because we hypothesized detection would vary over a winter season, we calculated a yearly
detection rate for each species by averaging estimates over each year. Finally, for pond category,
we averaged all continuous variables by pond category while holding year and adjacent pond
index constant. We did this because there were some minor patterns found between pond
category and continuous measurement. For example, split-ponds tend to be smaller than levee
ponds. We elected not to include an interaction between pond category and any continuous
variables due to increasing model complexity associated with the combinations of nine pond
categories and multiple continuous variables.
Resource Selection Function
The conditional pond variables could not be included in the occupancy analysis because
data were only collected from a subset of aerial-surveyed ponds, and only during the 2015 winter
season. We therefore constructed a resource selection function for each of the three target species
incorporating the five conditional variables using logistic regression (Table 3.1). These functions
yield values proportional to the probability of use of a resource unit (Manly et al. 2002). In this
application, we are treating resource units as individual catfish ponds and predictor variables will
be modeled against the binary response of species presence (1 = present, 0 = absent). We
constructed generalized linear mixed models treating individual clusters as random effects. We
also included the variable of fish type in this analysis to allow for the inclusion of an interaction
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between fish abundance and fish type. We did this because stocking rates vary considerably
between fingerlings and foodfish (USDA 2010c, b). Treatment ponds and brood ponds were not
included for lack of stocking information. All continuous variables were standardized (Schielzeth
2010), and collinearity was assessed using VIF (Zuur et al. 2009).
Results
Occupancy Analysis
We completed 12 surveys in 2015, 13 surveys in 2016, and 10 in 2017. A total of 2,883
ponds were included in the occupancy analysis treating each pond × year combination as a
unique pond. Results from the bootstrapped goodness-of-fit estimates using the global models
indicated adequate fit of the data for cormorants (p = 0.295, ĉ = 0.970), egrets (p = 0.198, ĉ =
1.085), and herons (p = 0.163, ĉ = 1.101). Therefore, we applied no adjustment in the model
selection processes. There was no evidence of collinearity among any predictor variables (VIFs <
5), so all variables were retained in model construction. With occupancy held constant,
parameters for the top detection models included date3 for cormorants and herons, and date2 for
egrets (Tables 3.2 and 3.3). Detection varied considerably throughout the winter season,
following closely to survey counts (Figure 3.2). Estimated detection probabilities and total
survey count were positively correlated for cormorants (t= 8.52, df = 33, p = <0.0001), egrets (t
= 4.97, df = 33, p = <0.0001), and herons (t = 4.41, df = 33, p = 0.0001). Yearly detection
estimates averaged over date were consistent for each species, with cormorants having the
highest detection followed by egrets and herons (Table 3.4).
While retaining the best detection parameters, top models for the occupancy included
pond and surrounding habitat variables for cormorants and egrets, and only pond variables for
herons (Tables 3.3 and 3.5). Yearly occupancy estimates estimated from the model while holding
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all other covariates at their mean were consistent among years for each species (Figure 3.3).
Pond size had a significant positive influence on occupancy probability for all three species
(Figure 3.4 and Table 3.3). Occupancy probabilities based on pond category varied among
species (Figure 3.5 and Table 3.3). The lowest probabilities for cormorants were on treatment
and brood-fish ponds. Similar probabilities were estimated between hybrid and channel foodfish
ponds, with hybrid single-batch showing a slightly lower probability and hybrid foodfish in splitpond systems having the lowest probability. Occupancy on hybrid fingerlings was also very
high, comparable to foodfish categories, but occupancy on channel fingerlings was only greater
than that of treatment and broodfish ponds. Occupancy probabilities for egrets were much more
variable between pond categories (Figure 3.5). Treatment ponds and channel foodfish ponds had
the highest occupancy probabilities, while brood, split-pond, and hybrid foodfish ponds were
similar. Egret occupancy on hybrid fingerlings was less than channel fingerlings. Heron
occupancy was lowest on split-ponds, followed by treatment and brood ponds. Heron occupancy
was similar between single-batch and multi-batch for each catfish species, but overall channel
catfish had higher occupancy probabilities than hybrid. Similar to egrets, herons had higher
occupancy on channel fingerlings compared to hybrid (Figure 3.5).
Distance to roads showed no meaningful influence on either cormorant or heron
occupancy (Table 3.3 and Figure 3.4). Distance to activity centers was positively related to
cormorant and heron occupancy, and opposite effects were observed for distance to trees where
cormorants displayed a positive relationship and egrets a negative (Table 3.3 and Figure 3.4).
Occupancy probability based on adjacent pond index for both cormorants and egrets showed a
general negative trend (Table 3.3), where larger values of adjacent pond index had lower
probabilities compared to lower adjacent index values (Figure 3.6)
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Resource Selection Function
We collected conditional pond data using onsite ground surveys on twenty-three clusters,
which resulted in 858 ponds for cormorant analysis, 384 for egrets, and 505 for herons. Oxygen
level was dropped from the analysis due to low variation. In fact, only three ponds had low
oxygen reported within our data for egrets, two ponds for cormorants, and none for herons. There
was no evidence of collinearity among the predictor variables (VIFs < 5), we therefore
constructed a model for each species with all variables.
The variable of disease was the only significant predictor (p < 0.05) of egret presence,
showing ponds with disease having a higher probability of use (Table 3.6). We found a similar
trend with heron presence and disease (p = 0.086). The interaction of fish type and fish
abundance was related to both heron and cormorant presence (Table 3.6). For both species, the
probability of use increased on foodfish ponds as fish abundance increased, whereas only a weak
relationship was observed for fingerling ponds (Figure 3.7).
Discussion
Understanding how characteristics associated with catfish ponds influence piscivorous
avian use provide valuable information on where depredation is likely to occur and why. Such
information has the potential to increase the efficiency of bird harassment at aquaculture
facilities thereby mitigating further losses. Using both occupancy modeling and resource
selection functions we estimated the influence of catfish pond variables within three overarching
categories: 1) pond level, 2) surrounding habitat, and 3) conditional on use by cormorants, egrets,
and herons. Unsurprisingly, results for each of these species differed in numerous ways,
highlighting the inherent difference in their foraging ecology.
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Occupancy analysis proves to be a valuable technique when surveying species at
designated sites, especially when detection is not perfect (Mackenzie et al. 2006, Bailey et al.
2014). Here, we adopted occupancy analysis to fit our research objectives in such a way that may
not be considered traditional. For example, survey sites are typically larger in scale and
designated based on species ecology, such as home range (Linden et al. 2017). Our designation
of survey site was finer in scale, based on individual catfish ponds. In this framework we are
assuming that a pond being used by a given target species is likely to be used throughout the
winter season. Our detection of each species varied throughout each winter season, and was
related to the relative abundance of each species in the area. Essentially, this means we were
more likely to observe a target species on a used pond when there was a greater abundance of
that species (Royle and Nichols 2003). It is important to note that our detection probabilities are
specific to our survey methodology. For example, detection probabilities would most likely
change if we observed each pond for a longer time period or more often. Without the
incorporation of imperfect detection, our naïve estimates of occupancy probabilities would be
underestimated (MacKenzie and Bailey 2004).
Pond size was positively related to occupancy probabilities of cormorants, herons, and
egrets as predicted. Smaller ponds have reduced perimeters, restricting herons and egrets to use
less shoreline to wade through. Similarly, cormorants foraging in open water have limited space
on small ponds, and may lack the required space to take flight (Dorr et al. 2014). The effect of
pond category varied among each avian species. Cormorants and herons showed low occupancy
of treatment ponds, brood ponds, and split-ponds stocked with foodfish. Treatment ponds do not
contain fish and brood ponds contain larger adult catfish that would be difficult or impossible to
consume (Glahn et al. 2000a, Dorr 2006). The reduced use of split-ponds is most likely related to
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pond size, as split-ponds were on average 1.44 ha (SD = 0.43) and levee ponds averaged 3.67 ha
(SD = 1.64). Conversely, egrets showed high occupancy of treatment, brood, and split-ponds
relative to other categories. Egret diets have been shown to consist of smaller amounts of catfish
compared to cormorants and herons (Glahn et al. 1999, Glahn and King 2004). Egrets may
therefore be using brood ponds or treatment ponds as loafing areas or be consuming other items
such as invertebrates, amphibians, or reptiles (Mccrimmon et al. 2011). For each avian species,
channel foodfish had higher occupancy probabilities compared to hybrid food-fish, although the
distinction was less evident for cormorants (Figure 3.6). Because hybrids grow faster compared
to channels they may be less sought out compared to the smaller channel catfish of similar age
(Li et al. 2004). Similar to other studies (Dorr and Taylor II 2003), we also found herons and
egrets to have higher probability of using diseased ponds, and in our survey 81% of ponds with
disease were channel catfish. This may also explain greater use of channel fingerlings by egrets
and herons. Cormorants, however, showed greater use of hybrid fingerlings compared to channel
fingerling. One possible explanation is hybrid fingerlings were stocked in greater abundance on
average compared to channel fingerlings. The interaction of fish type with fish abundance was
stronger for cormorants and fingerlings compared to herons (Figure 3.7).
Cormorant and heron use of food-fish ponds was also related to fish abundance (Figure
3.7). Werner and Dorr (2006) stocked areas with differing fish densities and found cormorants to
use areas with higher densities more often. In the case of their study, the water area was the same
making density and total abundance equivalent. However, two ponds differing significantly in
size but stocked at similar densities will result in drastic differences in fish abundance, and is
why we elected to use fish abundance. Typically, foodfish ponds are stocked with catfish within
the primary size class consumed by both cormorants and herons (Tucker and Hargreaves 2004,
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Vennesland and Butler 2011, Dorr et al. 2014). The greater abundance of available foodfish may
potentially increase the capture success or encounter rate of both species. Egrets did not have a
significant influence of fish abundance and fish type in our analysis. While cormorants generally
consume healthy catfish (Glahn et al. 1999, Glahn and Dorr 2002), egrets consume diseased fish
more readily, and therefore the abundance of fish may not be as important as the presence of
moribund fish.
Distance from pond to activity center was positively related to both cormorant and egret
occupancy. This finding is intuitive given these activity centers are continuously accompanied by
human and vehicle presence. Cormorants showed a positive relationship with distance to nearest
forested areas, meaning they are more likely to use ponds farther away from such areas.
Conversely, egrets showed a negative relationship. We hypothesize forest areas may limit
cormorant’s ability to flee due to the distance required to take off from water (Dorr et al. 2014),
whereas egrets may not have such an issue or perceive forested areas as loafing or perching
areas. The variable adjacent pond index was created to be a general metric of how isolated a
pond was relative to adjacent ponds. Ponds with a category 4 were within the interior of ponds
clusters, whereas a 3 or a 2 represent ponds on the periphery of a cluster, and a 1 was completely
isolated. Both cormorants and egrets showed higher occupancy of ponds with lower adjacent
pond index numbers, indicating preference of ponds that were more isolated. Ponds on the
periphery typically do not have levee roads on all sides compared to internal ponds, or the roads
are less maintained, making harassment from vehicles more difficult. Such harassment is a
primary scare tactic used by producers (Reinhold and Sloan 1997, Wywialowski 1999).
Similarly, ponds within the interior of clusters are generally closer to farm roads travelled more
routinely either for feeding purposes or general movement to and from different parts of the
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facility. Such continued vehicle presence alone can elicit an effect on cormorant presence
(Conover 2000).
We expected to observe differences in use probabilities based on the presence of other,
non-catfish species in a pond. There is evidence that cormorants (Stickley et al. 1992, Glahn and
Dorr 2002), egrets, and herons (Glahn et al. 1999) consume other species such as shad or
Lepomis spp. found in catfish ponds. However, we take caution in our findings due to the nature
of our survey methods. We selected clusters to collect conditional data based on species
presence, and within that cluster we randomly selected ponds that did not contain the target
species to also collect data from. In most cases, clusters either contained other fish species in
nearly all ponds, or no other fish in nearly all ponds. Therefore, our presence/absence data
contained little variation related to other fish presence.
The number of days since a pond was last stocked was not significant in any RSF models.
Dorr (2006) found cormorants to have greater odds of using a pond with fewer days since last
stocking. However, the mean stock date during his study was approximately 10 months, whereas
in our study it was approximately 6 months. This reduced time may be indicative of changing
culture practices observed today, and may be related to the now more popular hybrid species.
Regardless, our shorter stock days may be why we did not observe the same trend as Dorr
(2006). Presumably catfish will be larger when a greater amount of time has passed since a
stocking event. It is possible the shorter amount of time since last stocking observed in our study
was not sufficient enough for catfish to grow to a length less desirable to avian predators.
Species-specific occupancy models and resource selection functions can be used to
predict the probability that any given pond will be used by one of these avian predators over a
winter season. Combining these models with GIS can produce a heat map of probabilities of
77

catfish farms, which can be easily interpreted by producers and personnel. Such information can
be used to target harassment efforts with the objective to increase harassment efficiency. Using
our occupancy model we created an example of such a map for cormorant occupancy on a cluster
of ponds surveyed within our sample frame (Figure 3.8). This map was created by incorporating
data for all variables in the model. However, it is also possible to create such a map by leaving
out variables, or manipulating variables to inform future stocking decisions to minimize
depredation potential of more expensive fish products.
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Table 3.1

Variables of catfish ponds used in occupancy analysis and resource selection
functions modeled against the presence of double-crested cormorants
(Phalacrocorax auritus), great blue herons (Ardea herodias), and great egrets
(Ardea alba) on ponds in the Mississippi Delta.

Variable

Measurement Units

Pond level
Pond Structure

Traditional Levee or Split-Pond

Pond Size

Hectare

Fish type

Foodfish, Broodfish, or Fingerling

Catfish species

Channel or Hybrid

Production Method

Single- or Multi-Batch

Surrounding habitat
Distance: pond to activity centers

Meters

Distance: pond to all weather roads

Meters

Distance: pond to forest

Meters

Adjacent pond index

1 – 4 (categorical)

Conditional*
Fish abundance

Total fish count

Date of last stocking

Number of Days

Presence of disease

Yes or No

Oxygen level

Low or Normal

Presence of non-cultured species

Present or Absent

Presence data was collected by flying a total of 35 surveys over three consecutive winter seasons,
2015 – 2017. An average of 973 ponds were surveyed every year, totaling 1,187 unique ponds.
* Variables in which data was only collected during the 2015 winter season from an equal
number of randomly selected ponds with, and without target species present. Data for all other
variables were collected for each year and individual pond.
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Table 3.2

Detection models constructed for cormorants, egrets, and herons on catfish ponds,
while holding occupancy constant.
K

AIC

AIC

w

(.) p(date3 + year)

7

16725.3

0.0

1.00

(.) p(date + year)

5

17302.5

577.1

0.0

(.) p(date2 + year)

6

17302.8

577.4

0.0

(.) p(year)

4

19368.6

2643.2

0.0

(.) p(.)

2

19401.8

2676.5

0.0

(.) p(date2 + year)

6

14595.3

0.0

0.72

(.) p(date3 + year)

7

14597.2

1.9

0.28

(.) p(date + year)

5

14657.4

62.1

0.0

(.) p(year)

4

15428.5

833.2

0.0

(.) p(.)

2

15501.4

906.1

0.0

(.) p(date3 + year)

7

11461.4

0.0

1.00

(.) p(date2 + year)

6

11518.0

56.5

0.0

(.) p(date + year)

5

11874.3

412.8

0.0

(.) p(year)

4

12107.8

646.3

0.0

(.) p(.)

2

12154.0

692.6

0.0

Model
Cormorant

Egret

Heron

Parameters included in top ranked detection models were included in occupancy model
construction. The number of parameters (K), AIC, AIC, and AIC weight (w) are also displayed.
Models were constructed using aerial survey data collected during winters (October through
April) of 2015-2016, 2016-2017 and 2017-2018, of species presence and absence on catfish
ponds in the Mississippi Delta.
N = 2,883 ponds for each species.
Detection covariates:
Date: Ordinal date where October 1st = 01.
Year: Categorical variable of survey year, with 2015 set as the reference.
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Table 3.3

Parameter estimates for occupancy and detection variables modeled for
cormorants, egrets, and herons from occupancy analysis of catfish ponds in the
Mississippi Delta.

Model Variable
Detection
Intercept
Year (2016)
Year (2017)
Date
Date2
Date3



Cormorant
SE

p

-2.436
-0.189
-0.210
2.244
0.398
-0.780

0.062
0.063
0.063
0.031
0.033

0.002
<0.001
<0.001
<0.001
<0.001



Egret
SE

p

-2.140
-0.226
0.222
-0.794
-0.274

0.080
0.080
0.032
0.035

0.004
0.005
<0.001
<0.001



Heron
SE

p

-1.976
-0.177
0.435
-1.051
-0.689
0.372

0.098
0.086
0.075
0.044
0.048

0.071
<0.001
<0.001
<0.001
<0.001

Occupancy
Intercept
-0.802
1.609
-0.320
Year (2016)
-0.199 0.151
0.187
0.752 0.207 <0.001 -0.355 0.233
0.127
Year (2017)
0.272 0.165
0.098
0.808 0.188 <0.001 0.033 0.205
0.871
Pond Level*
LB
0.351 0.246
0.155 -2.009 0.611
0.001
0.398 0.291
0.171
SHSB
1.754 0.261 <0.001 -1.971 0.626
0.001 -0.084 0.320
0.791
LCMB
2.133 0.416 <0.001 1.125 1.911
0.556
1.660 0.486 <0.001
LCSB
2.054 0.419 <0.001 -0.104 1.022
0.919
1.489 0.457
0.001
LHMB
1.477 0.349 <0.001 -3.371 0.641 <0.001 -0.491 0.373
0.118
LHSB
1.561 0.244 <0.001 -2.192 0.580 <0.001 0.537 0.260
0.038
CFIN
0.972 0.262 <0.001 -0.690 0.584
0.238
2.326 0.346 <0.001
HFIN
2.674 0.297 <0.001 -2.458 0.601 <0.001 0.977 0.290 <0.001
Pond Size
0.893 0.093 <0.001 0.600 0.094 <0.001 1.180 0.113 <0.001
Surrounding
Habitat
DistActivity
0.357 0.074 <0.001 0.462 0.099 <0.001
DistRoad
0.081 0.069
0.293 -0.026 0.078
0.738
DistForest
0.198 0.070
0.004 -0.344 0.077 <0.001
Adj (1)
0.908 0.375
0.015
1.186 0.479
0.013
Adj (2)
0.531 0.191
0.005
0.919 0.222 <0.001
Adj (3)
0.270 0.141
0.056
0.534 0.156 <0.001
Parameter estimate, standard error, and associated p-values are shown. Models were constructed using data collected
of species presence and absence on catfish ponds in the Mississippi Delta.
N = 2,883 ponds for each species.
Detection and Occupancy variables:
Year: categorical variable of survey year, with 2015 set as the reference; Date: Ordinal data where October 1 st is set
to 01; LB: Levee pond with brood catfish; SHSB: split-pond systems with hybrid catfish in single-batch production;
LCMB: Levee pond with channel catfish in multi-batch production; LCSB: Levee pond with channel catfish in
single-batch production; LHMB: Levee pond with hybrid catfish in multi-batch production; LHSB: Levee pond with
hybrid catfish in single-batch production; CFIN: channel catfish fingerlings; HFIN: hybrid catfish fingerlings;
Treatment ponds were set as the reference group; Pond size: pond area in hectares; DistActivity: distance from the
pond to the nearest activity center; DistRoad: distance from the pond to the nearest all weather road; DistForest:
distance from the pond to the nearest tree-line or forest; Adj: adjacent pond index related to the isolation of
individual ponds with category 4 set as the reference group
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Table 3.4

Detection rates averaged over each year for cormorants, egrets, and herons on
catfish ponds in the Mississippi Delta.
Mean Detection
(range)
Year
2015

2016

2017

Cormorants

Egrets

Herons

0.16

0.10

0.08

(0.03 – 0.37 )

(0.01 – 0.17)

(0.02 – 0.16)

0.14

0.08

0.07

(0.02 – 0.33)

(0.01 – 0.14)

(0.02 – 0.14)

0.14

0.12

0.12

(0.02 – 0.33)

(0.02 – 0.21)

(0.03 – 0.23)

Estimates varied by date of each year, and the resulting range of detection probabilities are
shown. These detection rates represent the probability of observing these species on a pond given
the pond is being used. These estimates are only representative of the survey methods described
within this study.
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Table 3.5

Occupancy models () for cormorants, egrets, and herons on catfish ponds,
constructed using parameters from the top ranked model for detection (p).
K

AIC

AIC

w

(pond + surroundings + year) p(date3 + year)

24

16290.5

0

1.0

(pond + year) p(date3 + year)

18

16326.6

36.0

0.0

(surroundings + year) p(date3 + year)

15

16688.4

397.8

0.0

(year) p(date3 + year)

9

16723.6

433.1

0.0

(.) p(.)

2

19401.8

3111.3

0.0

(pond + surroundings + year) p(date2 + year)

23

14321.8

0

1.0

(pond + year) p(date2 + year)

17

14409.9

88.0

0.0

(surroundings + year) p(date2 + year)

14

14510.8

189.0

0.0

(year) p(date2 + year)

8

14585.1

263.3

0.0

(.) p(.)

2

15501.4

1179.6

0.0

(pond + year) p(date3 + year)

18

11048.3

0

0.88

(pond + surroundings + year) p(date3 + year)

24

11052.3

4.0

0.12

(surroundings + year) p(date3 + year)

15

11393.5

345.2

0.0

(year) p(date3 + year)

9

11460.6

412.3

0.0

(.) p(.)

2

12154.0

1105.7

0.0

Model
Cormorant

Egret

Heron

The number of parameters (K), AIC, AIC, and AIC weight (w) are also displayed. Models were
constructed using data collected of species presence and absence on catfish ponds in the
Mississippi Delta. N = 2,883 ponds for each species.
Variable description:
Year: categorical variable of survey year, with 2015 set as the reference; Date: Ordinal data
where October 1st is set to 01; pond: Variables related to individual catfish ponds (Table 3.1);
Surroundings: Variables related to the physical surroundings of catfish ponds (Table 3.1)
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Table 3.6

Parameter estimates, standard error, and associated p-values for resource selection
functions using logistic regression for cormorants, egrets, and herons use of catfish
ponds in the Mississippi Delta.
Cormorant

Egret

Heron

N = 858

N = 384

N = 505

Variable



Intercept

-0.050

Disease (present)

-0.292

0.553

0.597

1.907

0.776

0.014

Other fish (present)

-0.120

0.173

0.487

0.100

0.301

Fish type (food)

0.706

0.266

0.008

0.036

F-Abun

0.128

0.111

0.250

-0.060

0.070

1.198

0.291

Stock days
F-Abun × fish type

SE



p^

SE

p^



SE

p^

1.142

0.666

0.086

0.738

0.380

0.244

0.119

0.453

0.936

-0.165

0.350

0.635

-0.058

0.132

0.657

0.045

0.157

0.774

0.393

-0.062

0.110

0.573

0.036

0.096

0.704

<0.001

0.382

0.337

0.257

0.895

0.396

0.023

-0.104

0.101

Presence data was collected by flying aerial surveys of catfish ponds, and variable data was
collected on ponds randomly selected with and without the target species.
^Bolded text represents significant variables at an alpha = 0.10.
Variable Descriptions:
Disease: the presence of disease, where absent is set at the reference group; Other fish: the
presence of other non-catfish fish species also in the pond, where no other fish is set as the
reference group; Fish type: foodfish or fingerling, where fingerling is set as the reference group;
F-Abund: total abundance of fish within a pond; Stock days: the number of days since the pond
was last stocked with catfish
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Figure 3.1

Sample frame established in the Mississippi Delta.

Blue polygons represent aquaculture present during the study and black boxes within the sample
frame represent aquaculture clusters. Aerial surveys were conducted on these selected clusters to
collect presence data of double-crested cormorants (Phalacrocorax auritus), great egrets (Ardea
alba), and great blue herons (Ardea herodias). A total of 35 surveys were completed over the
months of October through April of three years, 2015-2017.
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Figure 3.2

Detection probabilities (+ 95% CI) as a function of date for cormorants, egrets, and
herons, estimated from occupancy analysis of catfish ponds in the Mississippi
Delta.

Data used for analysis was collected using aerial surveys of catfish ponds, approximately every
two weeks from October – April of 2015, 2016, and 2017. Total count of each survey for each
species is displayed in red.
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Figure 3.3

Estimated occupancy probability (+ 95% CI) of catfish ponds in the Mississippi
Delta for cormorants, egrets, and herons over the winter months (October – April)
of 2015, 2016, and 2017.

Estimates were made using the top ranked occupancy models for each species while holding all
other variables within the model at their mean.
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Figure 3.4

Occupancy probability (+ 95% CI) of catfish ponds in the Mississippi Delta based
on continuous variables included in the top ranked models for cormorants, egrets,
and herons.

Occupancy was estimated from the model by allowing the variable of interest to vary over its
range while holding all other variables at their mean. Plots displaying an asterisk (*) indicate a
significant result within the model based on an alpha of 0.05.
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Figure 3.5

Occupancy probability (+ 95% CI) of catfish ponds in the Mississippi Delta by
pond category for cormorants, egrets, and herons.

Estimates were made using the top ranked model for each species, while holding all other
variables at their mean value based on pond category.
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Figure 3.6

Occupancy probability (+ 95% CI) of cormorants and egrets on catfish ponds in
the Mississippi Delta by adjacent pond index.

Estimates were made using the top ranked model for each species, while keeping all other
variables at their mean value. This index is based on the general isolation of catfish ponds
relative to adjacent ponds (i.e. 1 = a pond with only one other adjacent pond present at any given
edge).
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Figure 3.7

Interaction effect of fish type and fish abundance on the probability (+ 95% CI) of
cormorants and herons use of catfish ponds in the Mississippi Delta.

Estimates were made using logistic regression models of bird presence and absence on catfish
ponds while holding all other variables at their mean.
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Figure 3.8

Occupancy probability of a selected group of catfish ponds within the Mississippi
Delta by cormorants. Estimates were obtained by incorporation of actual data of
each pond into an occupancy model.

Model used can be found in Table 3.5. Information such as this has the potential to increase bird
harassment efficiency and to inform future stocking decisions.
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TIME SERIES EVALUATION OF ABUNDANCE AND DISTRIBUTION TRENDS OF
DOUBLE-CRESTED CORMORANTS (PHALACROCORAX AURITUS)
WINTERING IN THE MISSISSIPPI DELTA
Abstract
Double-crested cormorants (Phalacrocorax auritus) are a piscivorous avian species that
have an extensive history of human-wildlife conflict with the aquaculture industry of Mississippi
due to their depredation of cultured catfish. A large-scale monitoring program was implemented
by the U.S. Department of Agriculture, Wildlife Services, National Wildlife Research Center
(WS-NWRC) in 1989 to estimate both the abundance and location of cormorants at every known
roost in the primary catfish producing region of the state, regionally known as the Mississippi
Delta. We used this extensive data set to address various hypotheses pertaining to cormorant
ecology within the Delta region over time, particularly in relation to aquaculture. We found that
although the Midwest breeding population of cormorants has been increasing, the abundance of
cormorants wintering in the Delta has been decreasing, closely following the decline of
aquaculture area, suggesting aquaculture is the primary cause of cormorant inhabitation in the
region. We also found the phenology of maximum cormorant abundance in the Delta is
occurring 2.14 days earlier each year. Finally, we modeled cormorant presence and abundance at
all known Delta roost sites against various variables to determine important factors influencing
cormorant distribution in the region. The amount of aquaculture and natural water bodies around
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a given roost were both significant predictors of cormorant presence and abundance. We also
found aquaculture area to have a stronger influence on cormorant presence later in the winter
season, prior to migration. Information gained using this large dataset aids in cormorant damage
mitigation, as well as furthering our understanding of cormorant ecology, particularly in relation
to foraging behavior at aquaculture facilities. These data also suggest changes in agriculture, and
potentially climate change, can influence phenology, distribution, and abundance of avian
species at large geographic scales.
Introduction
The double-crested cormorant (Phalacrocorax auritus; hereafter, cormorant) is a
waterbird widely distributed across North America (Dorr et al. 2014). Cormorant’s typically
breed in the northern U.S. and southern Canada during warmer months, and winter in the
southeastern U.S. and Mexico (King et al. 2012a). Their diet primarily consists of fish, but can
also include crustaceans, amphibians, reptiles, and even small mammals (Dorr et al. 2014).
Although they are currently well established throughout their range and listed as a species of
‘least concern’ (IUCN 2012), the historic population of cormorants has fluctuated greatly.
Due to their affinity for fish, cormorants have a long history of conflict with humans
through the depredation of fish resources (Taylor II and Dorr 2003, Wires 2014). Persecution of
cormorants first began during European settlement in the 19th century to reduce competition over
fish species (Wires and Cuthbert 2006, Wires 2014). Cormorant populations began to steadily
decline thereafter as control activities intensified, habitat alterations were made, and pesticides
were introduced into the environment (Glahn et al. 2000c, Dorr et al. 2014). Populations were
reduced so severely the species was listed as ‘special concern’ in several states during the 1970s
(Hatch 1995). However, the cormorant population began to recover shortly after (Wires et al.
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2001, Wires and Cuthbert 2006, Adkins et al. 2014, Chastant et al. 2014). This recovery has been
attributed to the inclusion of cormorants to the Migratory Bird Treaty Act, the ban of DDT use in
1972, and the growth of aquaculture industries throughout the U.S. (Werner and Hanisch 2003,
Wires and Cuthbert 2006).
Although the recovery of cormorants has been successful, public perception of the
species remains controversial (Wires 2016). Active management of cormorants continues due to
their possible impact on various commercial and natural resources (Dorr and Fielder 2017). For
example, this species can have adverse effects on vegetation (Hebert et al. 2005, Ayers et al.
2015), displace other avian species (Marensen and Ringle 2007, USFWS 2014), and potentially
compete for fishery resources used for recreational purposes (Dorr et al. 2012b, Dorr and Fielder
2017). Of particular concern however, is the impact cormorants can have on catfish aquaculture
(Glahn and King 2004). Commercial production of catfish is the largest aquaculture industry in
the US, with the majority of production occurring in Mississippi (Vilsack and Reilly 2014).
Approximately 59% of all water area devoted to the production of catfish in the U.S. is found in
Mississippi (NASS 2018). Most of this production occurs within an 18,000km2 region located in
the northwest portion of the state, known as the Mississippi Delta (Figure 4.1; Vilsack and Clark
2014).
Historically, cormorants were infrequently found on fresh waters of Mississippi, with the
majority of the population wintering along the Atlantic and Gulf of Mexico coasts (Lewis 1929).
Populations of cormorants wintering inland in the southeastern US steadily increased during the
latter part of the 20th century (Wires et al. 2001, Wires and Cuthbert 2006). Evidence suggests
this increase coincided specifically with the increase in catfish aquaculture in the Delta (Glahn
and Stickley 1995, Glahn et al. 2000b), which caused concern among catfish producers over the
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economic loss associated with bird depredation at their facilities (Glahn and King 2004).
Consequently, a large-scale monitoring program was implemented by U.S. Department of
Agriculture, Wildlife Services, National Wildlife Research Center (WS-NWRC) in 1989 to
estimate the abundance of cormorants at roost locations in the Delta region (Figure 4.1).
Cormorants spend approximately sixty percent of their time at roost sites, and only eighteen
percent foraging in Mississippi (King et al. 1995), making suitable roost locations a necessity in
the species’ daily activity and home range. Roosts are typically permanently flooded forest
wetland consisting of bald cypress (Taxodium distichum) and occasionally tupelo gum (Nyssa
aquatica) (Aderman and Hill 1995). Counts of cormorant numbers at these roosts has given
ecologists and wildlife manager’s relative abundance estimates used to study and mitigate
damages to the states aquaculture industry (Mott and Brunson 1995, Dorr et al. 2004, 2012a).
The WS-NWRC has collected data on cormorant abundance at all known winter roost
sites in the Delta region beginning in 1989 (Figure 4.1). Roost count data has primarily been
used for management purposes, mainly aimed to reduce cormorant presence throughout the Delta
and specifically near aquaculture facilities. Numerous studies exist on methods to disperse
cormorants from roosts and their effectiveness to reduce depredation of cultured catfish (Mott et
al. 1992, Glahn et al. 2000a, Tobin et al. 2002, Dorr et al. 2008, 2010). Some basic information
has also been gleaned from these studies with respect to cormorant roost ecology. For example,
most cormorants (81%) return to the same roost location previously used within 48 hours, and
are reported to use between 2 and 3 roosts during the winter (King 1996, Tobin et al. 2002).
Although there appears to be short-term roost fidelity, it is also reported that cormorant roost
usage is dynamic, fluctuating throughout the winter season (Aderman and Hill 1995, Glahn et al.
1996). Similarly, winter home ranges for cormorants are relatively large, averaging
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approximately 17,490 km2 (King et al. 2012b), and cormorants can travel upwards of 33 km
from their night roost to subsequent foraging sites (King et al. 1995). The highly mobile nature
of cormorants allows them to select from many available roosting sites found throughout the
Delta during the winter months. However, a comprehensive understanding of the mechanism
driving cormorant distribution and abundance in Mississippi is lacking in the species’ ecology.
The extensive long-term data set collected by the WS-NWRC provides the opportunity to
explore these aspects over a very large spatial and temporal extent.
Data Description and Objectives
Two types of cormorant roost abundance data have been collected by the WS-NWRC
throughout the years. The first is mid-winter roost counts, in which every known active roost is
surveyed by an individual or individuals who count cormorants from the ground or water.
Approximately half of all roosts are surveyed for 3 hours before sunset, and all cormorants
coming into the roost are recorded. The other half of all roosts are surveyed the following
morning for 3 hours after sunrise, and all cormorants leaving the roost are recorded. Mid-winter
roost counts are only done once per year, however they are conducted during the approximate
maximum cormorant abundance in the Delta, typically in early February. This large scale effort
is logistically challenging, and involves numerous volunteers in order to count each roost.
However, the data gathered from these counts are a close estimate to the actual number of
cormorants present within the entire Delta at the time of the survey as all roosts are monitored
within a 24-hour period for multiple hours. Twenty six years of mid-winter roost counts are
available, including 1989-2010, 2012, and 2016-2017.
The second set of roost abundance data are aerial roost surveys, in which a pilot flies a
fixed wing aircraft at an altitude of 100–150 m over each known roost location, and an observer
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records all cormorants present at the roost. Approximately half of the roosts are surveyed within
4 hours after sunrise and the other half surveyed within 4 hours before sunset (Glahn et al. 1996).
Counts were made during these times because cormorants tend to remain at roosts during the
early morning and late evening hours (Aderman and Hill 1995, Dorr et al. 2014). All surveys are
done within a single 24-hour period to avoid double counting. Multiple surveys were conducted
over the winter months of each year, typically twice per month from October through April,
coinciding with cormorant migration movement through Mississippi (Wires et al. 2001, Dorr et
al. 2008), providing relative abundance of cormorants at each roost within and between years.
Compared to the mid-winter roost count, aerial surveys serve more as a relative index of
cormorants as each roost is only briefly surveyed at a point in time. Eighteen years of aerial roost
surveys are available, including 1996-2010, and 2015-2017. In the last three years of collecting
these data (2015 – 2017), an effort was made to correct for error associated with observer
counting. Digital photographs of cormorants were taken at a subset of roosts, and photographed
roosts were systematically chosen to ensure a range of counts were covered. Pictures were later
manually counted and modeled against aerial counts using linear regression, while keeping the
intercept set to zero (Glahn et al. 2000b). The estimated slope from these regression models were
used as a correction factor for all aerial roost counts. This correction averaged 1.29 for the years
2015 – 2017 and was then applied to all years of data by multiplying raw count by this value.
Using the available large data set provided by the WS-NWRC, we addressed the
following specific objectives pertaining to cormorant population ecology in the Delta.
Information gained from addressing these objectives will improve our knowledge of cormorant
ecology in the state of Mississippi and inform future management strategies. First, we examined
cormorant distribution at roosting sites in the Mississippi Delta. Our goal here was to determine
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spatiotemporal distribution patterns of cormorants wintering in the Delta in relation to roost
characteristics, and within and between years. Second, we examined annual trends in cormorant
abundance in the Delta. Specifically, we compared annual observed cormorant abundance in
relation to aquaculture area as well as in relation to the Midwest breeding cormorant population.
Lastly, we explored possible variation in the phenology of maximum cormorant abundance in the
Delta. Here, we were interested in determining if the timing of maximum abundance has changed
annually.
Methods
Cormorant Distribution at Roosting Sites
The Mississippi Delta currently contains approximately 89 known cormorant roosts
scattered throughout, with the number of active roosts generally increasing since surveys began.
Using these precise locations and the cormorant counts from aerial surveys, we have a general
understanding of how the cormorant population is distributed throughout the Delta for given time
periods during the winter season over many years. Given this knowledge, we wanted to examine
how cormorant distribution throughout the Delta behaves on a seasonal and annual scale, and in
relation to roost surroundings.
We used a two-step modeling approach to separately model the presence of cormorants at
roosting sites, and positive abundance (Fletcher et al. 2005). This approach helps handle the
typical count data scenario in which excess zeros are present by modeling the occurrence and
abundance processes separately. First, the presence model was used to model the binary response
of cormorants’ presence at a roost (1 = present, 0 = absent), and second, a truncated negative
binomial model was used to model count values greater than zero (Welsh et al. 1996, Zeileis and
Kleiber 2008). The separation of presence and abundance models allows us to investigate the
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processes governing each independently, and allows the incorporation of variables hypothesized
to influence each.
We modeled cormorant presence at roosting sites using logistic regression against the
variables of aquaculture area and natural water body area within a 23.4 km radius, number of
other roosts within the same radius, distance to the Mississippi river, ordinal date, and an
interaction term of ordinal date and aquaculture area. The 23.4 km buffer is the median distance
that males, females, and cormorants from harassed and not-harassed roosts move to subsequent
day locations (Tobin et al. 2002). We treated the area within this buffer as the space available to
cormorants occupying the roost. Of particular interest is the amount, and type of foraging habitat
within this space. For each roost during each year we calculated the area (ha) of both catfish
aquaculture and naturally occurring water bodies within their buffers. We manually digitized all
aquaculture and natural water bodies within all roost buffers for each year using multispectral
satellite imagery in a geographic information system (ArcGIS v10.2). This multispectral satellite
imagery (30-m resolution) was taken from one of the Landsat satellites (5, 7, or 8) and obtained
from the US Geological Survey (USGS) Earth Explorer. We used a multi-band method
combining spectral bands 5, 6, and 4 (Landsat 8) or 4, 5, 3 (Landsat 5 and 7), and displayed them
as red, green, and blue, respectively, to improve surface water detection (Rokni et al. 2014).
Other roosts within the 23.4 km buffer may offer cormorants an alternative location in the event
a disturbance or other perceived risk is present at their currently selected site. We therefore
predicted roosts with more roosts within this buffer would have higher probability of use. Glahn
et al. (1995) reported cormorants roosting near the Mississippi river to have less catfish in their
diet, presumably due to the differences in foraging habitat availability. We therefore included
distance to the Mississippi river to measure possible preference toward roost sites in relation to
105

the river. Cormorant abundance is known to fluctuate throughout the winter season as migration
activities occur (Dorr et al. 2012a). To account for this variation we include ordinal date as a
fourth order polynomial. The interaction between ordinal date and aquaculture area was included
to examine seasonal variations of cormorant distribution in relation to foraging habitat,
hypothesizing migration activities would influence foraging selection and therefore roost
selection. Because the act of flying is one of the greatest energy expenditures for cormorants
(Glahn and Brugger 1995), we predicted cormorant distribution would concentrate more heavily
around aquaculture later in the winter season, before northerly migration occurs.
We modeled positive cormorant abundances at roosting sites using a negative binomial
generalized linear model against the variables of aquaculture and natural water body area within
the 23.4 km radius, distance to the Mississippi river, ordinal date, area of the roost itself, and
year. We predicted both aquaculture area and natural waterbody area would have a positive
influence on cormorant count, as greater forage availability is likely to be beneficial to
cormorants. We included both terms as fourth order polynomials to allow modeled abundance to
fluctuate over varying levels of either forage type. Ordinal date was again modeled as a fourth
order term to account for the dynamic fluctuation of cormorant abundance within a winter
season. The area of a roosting site (ha), has been thought to influence cormorant use, but results
vary (Aderman and Hill 1995, Glahn et al. 1996). We predicted larger roosts would have a
positive influence on cormorant abundance as these roosts typically have more trees available to
perch. The available roost data indicates cormorant abundance in the Mississippi Delta has been
decreasing on a yearly basis. We therefore included year as a quadratic term in the model to
account for changing regional population size which will influence the average number of
cormorants at any given occupied roost.
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We checked for collinearity among all predictor variables using variance inflation factors
(VIF) calculated from the respective full model. We used the cut off of VIF > 5 to determine if a
variable should be removed due to collinearity (Zuur et al. 2009). In the event a variable had a
VIF above the cutoff we removed the variable, and tested collinearity again until all variables
were within the cutoff of VIF > 5. We used the package effects in program R to calculate means
and confidence interval to graphically display independent variables influence on presence and
abundance of cormorants at roosting sites (Fox and Hong 2009). Resulting plots are created by
predicting the models response while allowing the variable of interest to vary over its range and
holding all other variables at their mean.
Annual Trends of Cormorant Abundance
We examined possible annual fluctuations of cormorant abundance in the Mississippi
Delta against the states changing aquaculture industry. Cormorant population wintering in the
Delta is suggested to be correlated with the states’ aquaculture magnitude (Glahn et al. 1996,
Dorr 2006, Dorr et al. 2014). As aquaculture growth began to slow in the late 1990’s, the
apparent growth of wintering cormorants in the Mississippi Delta declined as well (Glahn et al.
1996). We hypothesized the number of cormorants wintering in the Delta to be closely related to
the food availability (primarily surface area of aquaculture present) in the region. The
aquaculture industry has been extremely dynamic in the state, with production beginning in
1960’s, peaking in the early 2000’s, and steadily decreasing thereafter (Wellborn 1987, Hanson
and Sites 2015). Therefore, we predicted cormorant abundance in the Delta would follow a
similar pattern. If true, the Delta may currently have fewer total cormorants occupying roosts
than past studies have estimated (e.g. Aderman and Hill 1995, Dorr 2006), as cormorants that
once occupied, or may have occupied the Delta may likely continue their migration through the
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southeastern states to coastal habitat where they have mainly wintered in the past (Lewis 1929,
Dorr et al. 2014).
The abundance of cormorants in, or migrating through the Delta is likely correlated with
the overall cormorant population size. Studies using radio-marked cormorants have found
cormorants that move through the Mississippi Delta in the winter originate from the Midwest
region (Guillaumet et al. 2011, King et al. 2012a). These cormorants span from North Dakota
eastward to Michigan, and typically begin their fall migration in early October, following the
Mississippi flyway south (King et al. 2012a). Therefore, we calculated a general estimate of the
Midwest cormorant population in the region for each year of data. This population index was
created by totaling all breeding cormorants recorded in the bird conservation regions 8, 11, 12,
13, 22, and 23 using breeding bird survey data (Pardieck et al. 2018).
For each year of cormorant winter survey data we selected the maximum recorded
abundance from either the mid-winter roost count or the aerial survey data. Because the midwinter roost count is generally a more thorough estimate (each roost is observed for multiple
hours), it typically produces a greater count than any observed aerial count within the same year.
However, the mid-winter count is only done once per year and the resulting cormorant
abundance is dependent on the date of the survey, cormorant migration timing, temperature, etc.
Therefore, if during any year there was a greater aerial count observed we elected to use that
value. We also ran a Pearson’s correlation test between maximum aerial count and midwinter
roost count to justify the use of either value.
We used linear regression to model the maximum recorded cormorant abundance per
year against aquaculture area present within the Delta and the breeding bird population index of
that year. Both response variables were modeled as either linear or quadratic terms to allow for
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possible non-linear relationships. We selected the best model based on AICc values (Burnham
and Anderson 2002). Again, we checked for collinearity among all predictor variables for each
analysis using variance inflation factors (VIF) calculated from the respective full model (Zuur et
al. 2009).
We predicted both the breeding bird survey index and aquaculture area would be
influential on the maximum number of cormorants observed in the Delta. To gauge which
variable was more influential on the dependent cormorant count, we used package relaimpo in
program R (Grömping 2006). This package computes the relative importance of each predictor
by computing their R2 contribution to the model, while averaging over all combinations of
orderings among the regressors.
Phenology of Maximum Cormorant Abundance
The phenology of avian migration has received a great deal of attention, especially in
relation to climate change (Hurlbert and Liang 2012, Charmantier and Gienapp 2014). Here, we
explored possible changes in the timing of maximum cormorant abundance in the Mississippi
Delta over time. Maximum cormorant abundance in the Delta poses the greatest concern for
catfish producers, and maximizing efforts to reduce cormorants on or near aquaculture facilities
during this time is important. Additionally, any annual changes in this timing may warrant
further investigation, possibly in relation to climate change (Gordo 2007).
We followed the methodology described by Dorr et al. (2012a) to model cormorant
abundance within the Delta region for each year of aerial data. Cormorant count was modeled
against ordinal date (October 1st = 01), and counts at the beginning (October 01) and end (April
30) of the winter season were assumed to be zero. We used polynomial terms of ordinal date
progressing up to the sixth order (Dorr et al. 2012a). For each year we chose the lowest
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polynomial model in which the R2 value did not significantly change in the succeeding
polynomial model (i.e. < 0.01). We then determined the date corresponding to the maximum
modeled abundance for each year. We modeled these dates against year to determine if the date
associated with maximum cormorant abundance in the Delta has changed over time.
Results
Cormorant Distribution at Roosting Sites
All 18 years of data were included in the analysis, with an average of 11.6 (SD = 3.8)
surveys conducted per year. For both the occurrence and count models natural water body area
and distance to the Mississippi river showed collinearity (VIF > 5). These variables showed an
inverse relationship as most naturally occurring water bodies are near the MS River, and
progressively decreases farther away. We therefore removed distance to river from both
analyses.
The presence model showed all variables, except the number of other roosts within the
23.4 km buffer, to have a significant influence on the probability of cormorant roost use (Table
4.1). Aquaculture area and natural waterbody area showed a positive influence on cormorant
presence at roosting sites (Figure 4.2). Probability of roost use remained constant from October
through January, then increased through March before decreasing through April (Figure 4.2).
The interaction between aquaculture area and date revealed aquaculture area to have less of an
influence on use probability in the earlier months of winter, but gradually increases to April
(Figure 4.3).
The count model showed all variables to have a significant influence on the average
abundance at roosting sites occupied by cormorants (Table 4.1). Roost abundance increases from
October through January, and steadily declines thereafter. Area of aquaculture showed a bimodal
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relationship, with a peak abundance occurring at lower levels of aquaculture area as well as at
higher levels. Area of natural water bodies showed a unimodal trend, with greater abundances
occurring at roosts with less natural area, and a gradual decrease toward roosts with greater
natural area. Average roost abundance has been decreasing since 1996, but appears relatively
constant in more recent years. Lastly, roost area showed a positive influence on average
abundance (Figure 4.4).
Annual Trends of Cormorant Abundance
Maximum aerial survey count and midwinter roost count were significantly correlated (t
= 4.54, df = 15, p = < 0.001). Out of the 16 years of available aerial survey count data, five years
had higher maximum counts compared to midwinter roost counts (1997, 1998, 2000, 2002,
2006), and in 2015 no mid-winter count was done so the maximum aerial count was used.
Twenty-six years of data were included in the analysis, spanning from 1989 – 2017 through 2017
(Figure 4.5). Our breeding bird survey index ranged from 195 to 1198, and showed a general
increasing trend of cormorants in the Midwest (Figure 4.6). The greatest observed cormorant
abundances in the Mississippi Delta occurred from 1997 through 2003 (mean count per year =
79,315), which coincided with the greatest amount of aquaculture area ever present in the Delta
(Figure 4.5).
Total aquaculture area and breeding bird survey showed no evidence of collinearity (VIF
= 1.21) and were therefore both included in model construction. The top model ranked by AIC
included breeding bird survey index (p = 0.026) and the quadratic term of aquaculture area (p <
0.001) as predictors for maximum observed cormorant abundance. Adjusted R2 for the top model
was 0.606, with breeding bird survey accounting for 18.4% of the total R2, and aquaculture area
accounting for 81.6%. Each variable had a positive influence on maximum observed cormorant
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count. Lower values of aquaculture area showed less influence on cormorant abundance
compared to larger values, whereas breeding bird survey displayed as gradual positive influence
on abundance (Figure 4.7).
Phenology of Maximum Cormorant Abundance
A total of 16 years of aerial roost data were included in population modeling of
cormorants within the Mississippi Delta (1996–2008, 2015–2017). Although aerial surveys were
done during the years of 2009 and 2010, they could not be used in this analysis due to the low
sample size of only four and two surveys, respectively. Yearly cormorant population trends in
the Delta showed either bimodal or unimodal patterns (Figure 4.8). The latest modeled date
associated with maximum cormorant abundance was March 12th (2000) and the earliest was
December 29th (2016; Figures 4.8 and 4.9). Date of maximum cormorant abundance in the Delta
modeled over the last 22 years showed maximum abundance to be occurring progressively
earlier (p = 0.0039). Specifically, model outputs show maximum arrival to be 2.14 (95% CI: 0.81
– 3.47) days earlier every year (Figure 4.9).
Discussion
Within this research we examined numerous aspects of cormorant ecology in the
Mississippi Delta region using data collected by the WS-NWRC of cormorant abundance at
roosting sites over almost two decades. Because cormorants are highly reliant on roosting sites
(King et al. 1995), and all sites are known and fixed in time and space, these data provide a
general census of cormorants at varying time points over the winter season of many years. Such
data are not typical while surveying species over such a large spatial scale. Using these data, we
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were able to address questions pertaining to cormorant distribution and abundance within winter
seasons, between years, and in relation to foraging habitat and roost characteristics.
Of particular interest in this study was the relationship of cormorants to foraging habitat.
The Mississippi Delta contains a variety of natural water bodies, but historically had more on the
landscape until they were cleared for multiple reasons including agriculture purposes
(McWilliams and Rosson Jr. 1990, Stanturf et al. 1998, 2000), and later, for catfish aquaculture
facilities (Tucker and Hargreaves 2004, Hanson and Sites 2015). A great deal of concern has
therefore developed over cormorant impacts on aquaculture (Stickley and Andrews 1989, Glahn
and King 2004). We elected to model cormorant presence and abundance separately. This was
done partly to help handle our large data set with many zeros, but also to investigate each process
separately. For instance, mechanisms driving where cormorants will roost may not necessarily
have the same relationship or even significance for the abundance of cormorants at occupied
roosts.
We found both aquaculture area and natural water body area around a given roost to
influence cormorant presence. Specifically, as either increase the probability of a roost being
used also increases. The majority of daily activities done by cormorants include roosting and
foraging (King et al. 1995), therefore it is unsurprising that roosts with greater amounts of forage
potential have increased probability of use, regardless of forage type. Roost abundance however,
showed unique relationships with both forage types (Figure 4.4). Aquaculture area showed a
bimodal relationship with roost abundance. Although we did not find evidence of collinearity
using VIF, the amount of aquaculture and natural water bodies around a roost were, in general,
negatively correlated. Therefore, the peak in abundance at lower amounts of aquaculture area
may be roosts with increased natural water bodies. Alternatively, this may be the result of within
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season variation, meaning during certain parts of the winter roosts with less aquaculture area
have higher abundance and during other parts of the winter roosts with more aquaculture area
have higher abundance. Due to our inclusion of a fourth order polynomial, modeling an
interaction between aquaculture area and date was difficult, making inference challenging.
However, natural waterbody area showed a peak in abundance toward lower amounts of natural
area, and a gradual decrease toward higher amounts. The larger abundance toward the lower area
are, again most likely roosts with more aquaculture in the area. Overall the influence of natural
area on abundance showed less variation compared to aquaculture. In fact, while holding all
other variables at their mean, the predicted model count range associated with aquaculture area
(541–2221) was 62% greater than the range of counts associated with natural area (515–1543)
(Figure 4.4). This indicates a greater influence of aquaculture area on cormorant abundance at
roosting sites.
Estimates of use probability and mean abundance at roosting sites over the winter season
showed similar patterns, increasing from October through January and decreasing thereafter
(Figures 4.2 and 4.4). This relationship follows what has been previously shown with respect to
cormorant migration patterns (Dorr et al. 2008). This trend is in fact what we observed in our
population trends for each year (Figure 4.8) suggesting this has been the long-term pattern of
cormorant abundance in this region. The interaction of aquaculture area and date was a
significant predictor of roost use. Early in the winter season the amount of aquaculture around a
roost seems to have less influence on whether or not cormorants chose to use it (Figure 4.3).
However, as the winter progresses the influence of aquaculture area becomes greater, indicating
a shift towards roosts with more surrounding aquaculture. Using bioenergetics models of
cormorants, Glahn and Brugger (1995) estimated the number of consumed catfish to be the
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highest at the end of the winter season when cormorant diet shifted more to catfish, and our
results compliment their findings. This shift in distribution toward aquaculture occurs as the
winter season leads up to cormorant spring migration north (Dorr et al. 2014). Supporting this is
the work done by Glahn et al. (1997) who reported cormorants found in areas of high
aquaculture production have higher omental fat, which may improve body condition for spring
migration.
We predicted the number of nearby roosts would influence cormorant presence, but our
results suggest no relationship (Figure 4.2). This may be confounded by the fact roosts with
many neighboring roosts tended to be in the interior of the Mississippi Delta, which also contain
greater amounts of the aquaculture. As we observed however, a shift of use more toward roosts
with greater aquaculture occurred as the winter season progressed (Figure 4.3). This shift in
distribution based on date may be overwhelming potential effects of neighboring roosts. We did
not include the number of neighboring roosts in our count model, as we did not hypothesize a
reason for it to influence abundance. We did include roost area as a variable in abundance for the
obvious reason that larger roosts will have a greater potential capacity to hold cormorants. This
was in fact what we observed in our models (Figure 4.4). We also included year as a variable in
measuring roost abundance because we knew cormorant abundance within the Delta has been
dynamic over the last few decades (Figures 4.5 and 4.8). Similar to the observed Delta
abundance, mean roost abundance has decreased over time. However, mean roost abundance
seems to have leveled off in the last few years (Figure 4.4). Although further investigation is
needed over more years, this pattern is similar to aquaculture area within the Delta. Specifically,
the loss of aquaculture area in the Delta has slowed, and even shows a slight comeback since
2013 (Figure 4.5).
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Midwest breeding bird survey data show cormorant abundance has been steadily
increasing during the past 30 years, whereas cormorant abundance in the Mississippi Delta
peaked in the early 2000’s and has steadily declined thereafter, similar to that of aquaculture.
This observation suggests aquaculture area in the Delta is a driving factor in the abundance of
cormorants wintering in the region and is supported by our analysis. Aquaculture area in the
Delta accounted for over four times the estimated R2 of the model compared to the breeding bird
survey index. This is even more evident when observing the raw data points with the modeled
relationship of breeding bird survey index (Figure 4.7). Although statistically significant (p <
0.05), the breeding bird survey index shows less of a general pattern compared to aquaculture
area, but a positive influence of breeding bird survey index is intuitive. As the Midwest breeding
population changes, it is expected to cause similar changes in the wintering region of cormorants.
Earlier accounts in Mississippi suggest cormorants spent little time wintering inland, but rather
traveled closer to the coast (Lewis 1929). However, as aquaculture facilities became a dominant
item on Mississippi’s landscape, cormorants may have begun to winter closer to this more
plentiful food resource. Now that aquaculture area has reduced by more than 70% (Hanson and
Sites 2015), cormorants may be migrating elsewhere as fewer are observed in the Delta. Here we
used maximum recorded abundance within a given year, however it is still possible the number
of cormorants moving through the Mississippi flyway is increasing along with the Midwest
breeding population, although fewer remain in the Delta region.
Typically studies investigating changes in migration phenology incorporate some
measure of arrival or departure dates, such as first observed species occurrence or some central
measure of capture dates (Cotton 2003, Marra et al. 2005). How to select a response like this is
subject to the species studied and survey methodology used. Here, we used population estimates
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created from polynomial regression models using abundance data collected over an average of
12.6 surveys per year of available data. Observation of the model fit, along with the associated
R2 values indicate this as a reasonable approach for such data (Figure 4.8). Maximum modeled
abundance of cormorants in the Delta during the late 1990’s and early 2000’s averaged midFebruary. However, maximum modeled abundance is currently occurring much earlier, in midJanuary (Figure 4.9). Our estimated slope indicated maximum modeled abundance of cormorants
to be happening 2.14 days earlier, which is similar to other migratory species reported, although
significant variation does exist (Butler 2003, Marra et al. 2005). Midwinter roost counts are done
to gauge the overall abundance of cormorants wintering in the Delta, and these are typically
conducted in early February. Given our results, a midwinter count in mid-January would result in
the survey being done approximately when the maximum number of cormorants are inhabiting
the Delta. Also, cormorant control at, or near, aquaculture facilities could be focused at this time
if resources are limited. However, taking action at roosting sites in January is logistically
challenging due to the waterfowl hunting season, as many roosts are privately owned by hunting
clubs and do not allow access during the hunting season.
Our research indicates that large-scale changes in an agricultural commodity, in this case
aquaculture, can drive wintering abundance and distribution of a migrating bird species.
Furthermore, peak wintering abundance of cormorants has been shifting earlier over the past two
decades suggesting large scale environmental influences such as climate change may be
influencing wintering phenology in this species. These factors may interact to cause profound
changes in not only impacts to aquaculture by these birds but biology and behavior of the birds
themselves.
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Table 4.1

Parameter estimates for variables modeled for cormroant presence and positive
count values at roosting locations in the Mississippi Delta.
Model Variable



SE

p

-65.1
18.4
-4.8
-22.4
-13.0
-6.5
27.1
10.3
2.5×10-7

6.60
-2.23
-10.35
-5.94
-1.76
10.49
1.70
5.28

<0.001
0.0252
<0.001
<0.001
0.0774
<0.001
0.087
<0.001

6.20
-10.3
-29.5
-10.3
-3.8
12.5
-4.5
6.9
-17.5
-20.8
-9.5
3.9
-1.6
-30.8
11.7
1.0×10-3

1.52
1.52
1.51
1.51
2.22
1.72
1.56
1.51
2.55
1.60
1.58
1.51
1.60
1.56
5.29×10-5

<0.001
<0.001
<0.001
0.011
<0.001
0.008
<0.001
<0.001
<0.001
<0.001
0.012
0.263
<0.001
<0.001
<0.001

Presence Model
Intercept
Date
Date2
Date3
Date4
Other Roosts
Natural area
Aquaculture area
Aquaculture area : date
Count Model
Intercept
Date
Date2
Date3
Date4
Aquaculture area
Aquaculture area2
Aquaculture area3
Aquaculture area4
Natural Area
Natural Area2
Natural Area3
Natural Area4
Year
Year2
Roost area

Presnece model was done using logistic regression based on cormorant presenece and absence. Count model
was done using negative binomial regression on counts greater than zero. Data was collected at multiple time
points over the winter months (Oct – Apr) from 1996 – 2010, and 2015 – 2017. Beta estimates, standard error,
and associted p-values are shown.
Variable Description:
Date: Ordinal date where October 1st = 01 for each year of data; Other Roosts: Number of other roosts within a
23.4 km buffer; Natural area: area of natural water bodies, measured in hectares, within a 23.4 km buffer;
Aquaculture area: area of aquaculture, measured in hectares, within a 23.4 km buffer; Year: year of data
collection, including 1996 – 2010 and 2015 – 2017; Roost area: area of the roost, measured in hecatres.
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Figure 4.1

Portion of the Mississippi alluvial valley located in Mississippi, known as the
Mississippi Delta.

Abundance data of cormorants at roosting sites (red points) were collected by WS-NWRC during
winter months (October – April) beginning in 1989.
124

Figure 4.2

Predicted occurrence probability (+ 95% CI) of cormorants at roosting sites in the
Mississippi Delta in relation to date, area of aquaculture and natural water bodies
within a 23.4 km buffer, and the number of other roosts within the same buffer.

Trend lines represented were created from predictions made from a logistic regression model
while allowing each variable of interest to vary over its range and holding all other variables at
their mean.
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Figure 4.3

Predicted occurrence probability (+ 95% CI) of cormorants at roosting sites in the
Mississippi Delta in relation to an interaction term of date and aquaculture area
within a 23.4 km buffer.

Trend lines represented were created from predictions made from a logistic regression model
while allowing aquaculture area to vary over its range and holding date as the first of each
month.
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Figure 4.4

Mean predicted abundance (+ 95% CI) of cormorants at roosting sites in the
Mississippi Delta in relation to date, year, area of aquaculture and natural water
bodies within a 23.4 km buffer, and the size of the occupied roost.

Trend lines represented were created from predictions made from a negative binomial model
while allowing each variable of interest to vary over its range and holding all other variables at
their mean.
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Figure 4.5

Maximum recorded cormorant abundance and total aquaculture area within the
Mississippi Delta from 1989 to 2017.
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Figure 4.6

Breeding bird survey index for cormorants from 1989 through 2017.

This index was created by totaling all breeding cormorants recorded in the Midwest area,
specifically from the bird conservation regions 8, 11, 12, 13, 22, and 23 using breeding bird
survey data (Pardieck et al. 2018).
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Figure 4.7

Modeled relationship (+ 95% CI) of total aquaculture area and breeding bird
survey index on the maximum observed cormorant abundance within the
Mississippi Delta.

Estimates were made using linear regression to model yearly maximum cormorant abundance
against both predictor variables, from 1989-2010, 2012, and 2015-2017. Top tanked model
included aquaculture area as a quadratic term and breeding bird survey index and linear term.
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Figure 4.8

Modeled population trends (green line) of survey counts (blue points) of
cormorants at roosting sites in the Mississippi Delta over the winter season
(October – April) of 1996-2008 and 2015-2017.

Cormorant count was assumed to be zero at the beginning (Oct 01) and end (April 30) of each
winter. Red dashed lines indicate the date in which maximum modeled abundance occurs for
each year.
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Figure 4.9

Dates associated with maximum cormorant abundance in the Mississippi Delta
from 1996 through 2017.

These dates were estimated from polynomial equations constructed for each year of available
data. The red line (+ 95% CI) represents the significant linear relationship between variables,
with a -2.14 slope.
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